4 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 




Applicants: 
Serial No.: 
ate Filed: 
tendon: 



Hermona Soreq et al. Atty Docket: 2391-00101 

09/980,263 Art Unit: 1647 

March 2 1 , 2002 Examiner: Wegert, Sandra L. 

Diagnostic Uses of Antibodies Against Acetylcholinesterase or C-terminal 
Peptides Thereof 



************************************* **5|C**5|i5(j *************************** 



CERTIFICATE OF MAILING 



I hereby certify that this document, along with any other papers referred to as being 
attached or enclosed, is being deposited with the United States Postal Service as first class 
mail in an envelope addressed to: Commissioner for Patents, P.O. Box 1450, Alexandria, 
VA 22313-1450 on November 5, 2004. 



L 



Amy^E. Rinaldo 



************************************************************* * * * * * ****** 



Commissioner for Patents 
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Alexandria, VA 22313-1450 



DECLARATION OF SOREQ, PH.D. IN SUPPORT OF 
APPLICANT'S RESPONSE OF NOVEMBER 5, 2004 

[37 C.F.R. § 1.132] 

Dear Sir: 

In support of the Response filed on November 5, 2004 submitted in reply to the 
Office Action of August 5, 2004 ("Office Action") for the above-referenced matter, I hereby 
declare as follows: 

J. My name is Hermona Soreq, Ph.D. I am a Professor of Molecular Biology at The 
Hebrew University of Jerusalem, Israel, in the Department of Biological Chemistry. I 
am currently the Vice-Dean for Research and Development of the Faculty of Natural 
Sciences, and the Head of the Eric Roland Center for Neurodegenerative Diseases, 



both at The Hebrew University. I have published extensively in the field of 
neurochemistry and molecular neurobiology research, and more particularly my 
research has focused on acetylcholinesterase biology, with over 100 research 
publications to date, besides numerous reviews and book chapters. I am also an 
inventor or co-inventor of a substantial number of patents and patent applications 
involving, inter alia, various AChE transgenic mice, genetically engineered human 
cholinesterases, AChE-derived peptides, and I am a co-inventor of the invention 
claimed in the current application. My further credentials are set forth in my 
Curriculum Vitae, which is attached hereto as Exhibit A. 

2. I have read the Office Action of August 5, 2004. This declaration is submitted so as to 
clarify the record concerning stress, stress disorders, and more specifically, central 
nervous system stress. In particular, I intend to provide clear and convincing evidence 
that the term "stress" is well known to the man skilled in the art, that the stress swim 
test performed in the present invention is a reliable and widely used test to measure 
"stress" in animals and that, therefore, that it is reasonable to claim, based on the 
support provided by the present invention, that the antibody of the invention is readily 
usable for diagnosing central nervous system stress. 

3. For the past 10 years (at least) my work has focused on uncovering the molecular 
mechanisms that underlie stress responses in humans. These responses are necessary 
to sustain normal cognitive and behavioral functions, and facilitate responses to altered 
internal and environmental conditions. Multiple neurological and behavioral 
characteristics are modified under stress and affect the health and well-being of 
humans; research approaches to these responses need to combine state-of-the-art 
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technologies in molecular neuroscience with cognitive and behavioral observations 
and genetic engineering techniques. Using such an interdisciplinary approach, my 
research is beginning to unravel the molecular complexities of mammalian behavioral 
responses to stress and identify genetic determinants of human stress responses. 

4. So, for the man skilled in the art, what is the definition of stress? Stress is understood 
as a physiological (and psychological, when referring specifically to humans) state, 
which is triggered in response to altered internal and environmental conditions such as, 
for example, exposure to chemical stressors (e.g. poisonous organophosphate 
insecticides), immunological agents (e.g. bacterial lipopolysaccharide) or experiencing 
a terror attack. This "physiological state" is the organism's response to said triggering 
factors, and it might reveal itself in the form of transiently enhanced release of 
acetylcholine (ACh), erratic behavior following circadian light/dark shift, progressive 
muscle fatigue and degeneration of neuromuscular junctions, progressive failure of 
learning and memory, and development of neuropathologies [Soreq, H. et al (2004) 
Acetylcholinesterase as a window onto stress responses. In: Seckler, Kalin and Reul 
(eds.) Handbook of Stress and the Brain. Part 1: The Neurobiology of Stress. Elsevier, 
Amsterdam. Exhibit B]. In sum, there are a series of manifestations that together are 
described by a word "stress". These manifestations, or responses, are primarily (and 
ultimately) regulated by the central nervous system (CNS) and thus, are also 
denominated CNS stress. 

5. One of the most significant achievements of my research, in the past six years, has 
been the demonstration that, under stress conditions (i.e., altered internal or 
environmental conditions), there is a switch in the ratio between AChE-S (the synaptic 
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form of AChE) and AChE-R (the readthrough form of AChE, the C-terminal cleavable 
peptide of which protein is also referred to in the instant application as "AChE 
Readthrough Peptide", or"ARP"), demonstrated by the increased levels of AChE-R 
mRNA and/or protein in various tissues. This has been described, inter alia, in Kaufer 
et al [Kaufer et al (1998) Nature 393:373-377; Exhibit C]. 

6. As mentioned before, in response to the Office Action of January 5, 2004, we have 
demonstrated that this switch is a reliable indicative of CNS stress irrespective of what 
triggered this condition. This is based on several publications from my laboratory, for 
example Kaufer et al (1998), Shohami et al (2000), Cohen et al (2002), Tomkins et 
al (2002), Cohen et al (2003), and Nijholt et al (2004), as will be detailed below. 

7. Kaufer et al [Kaufer, D. et al (1998) id ibid.] demonstrate how chemical stress 
(exposure to cholinesterase inhibitors like disiopropylfluorophosphate or 
pyridostigmine) induce increased AChE-R expression (see Figures 4 and 5). 

8. Shohami et al [Shohami, E. et al (2000) /. Mol. Med. 78:228-236; Exhibit D] 
describe how in response to a physical insult, in this case close head injury (CHI), 
mice exhibit accumulation of AChE-R mRNA (Fig. la-d). Moreover, this 
accumulation was inhibited by an antisense oligonucleotide specific to AChE-R (Fig. 
le-j). 

9. Cohen et al [Cohen, O. et al (2002) Mol Psychiatry 7:874-885; Exhibit E] showed 
how hAChE-S transgenic mice, which constitutively overexpress the endogenous 
AChE-R, had impaired adjustment to day-to-night switches (circadian rhythm insult) 
(Fig. 3a-c). 
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10. Tomkins etal. [Tomkins, O. etal. (2002) Cell Mol NeurobioL 21(6): 675-691; 
Exhibit F] showed elevated levels of AChE-R protein in the cerebrospinal fluid of 
humans suffering from a neurological disease and that presented disruption of the 
blood-brain barrier (see Fig. 4B). 

11. Cohen etal. [Cohen, O. etal. (2003) /. Mol. NeuroscL 21: 195-208; Exhibit G] report 
a study in humans that were administered endotoxin, wherein there is an increase in 
plasma levels of a AChE-R cleavage product, ARP, which was associated with 
impairment of declarative memory (see Fig. 3). 

12. Nijholt et al [Nijholt, L et al (2004) Mol Psychiatry 9:174-183; Exhibit H] 
demonstrate a correlation between enhanced fear memory (an evolutionary 
advantageous memory of events that are potentially threatening to the organism) and 
AChE-R expression (see Fig. 2a). 

13. Thus, based on our findings, we have established a paradigm, wherein increased levels 
of AChE-R, either mRNA or protein (or both), i.e. the switch in the AChE-S/AChE-R 
ratio, may be used as a marker for stress. 

14. Numerous scientists, in the fields of Molecular Neurobiology, Neurophysiology, 
Toxicology, Psychology, Pharmacology and Psychiatry study the phenomena of stress. 
The "confined swim protocol" or "swim stress test" has been used and cited as a 
classical protocol for evaluating stress responses in mice, see for example Duncan et 
al [Duncan, G. E. et al. (1998) /. Pharmacol 285: 579-587; Exhibit I]. Thus, animals 
that underwent this protocol are generally considered as good model systems for 
"stressed animals", and the study of any physiological response recorded in these 
animals may be interpreted as a "stress response". 
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IS. Thus, because of its credibility in the scientific community, we applied the confined 
swim protocol as a "stress test", in order to evaluate whether the levels of ARF (the 
ACh&R protein lsoforxna) were elevated under such condition*. And indeed, a? shown 
In pig. 3 (lone 4) ARP was detected in said stressed mice, and not in mice that were not 
subjected to said test. The detection of the ARP was performed using the and- ARP 
antibody claimed in the instant invention. 



JdL In conclusion, considering that (i) the confined swim protocol is a well accepted 
protocol for inducing strew (or CNS stress) in mice, (Ii) elevation in AChE-R levels is 
a molecular marker of CNS stress, and (iii) the antibody of the instant invention 
specifically recognizes the ARP protein, it la reasonable to claim that the antibody of 
the present invention is for diagnosing CNS stress. 

J7. 1 hereby declare that ?11 statements made herein ore of my own knowledge and that all 
statements made on information and belief ore true; and farther Oat these statements 
are being made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment or both under Section 1001 of Title 1 8 of the 
United States Code and that such willful false statements may jeopardize tho validity 
of the application or any patent issued thertotu ^ 




Hcrmona Soreq, PtlD. 



Dated: November^ 2004 
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Exhibits: 

A - Curriculum Vitae of Hermona Soreq, Ph.D. 

B - Soreq, H. et al. (2004) Acetylcholinesterase as a window onto stress responses. In: 

Seckler, Kalin and Reul (eds.) Handbook of Stress and the Brain. Part 1 : The Neurobiology 

of Stress. Elsevier, Amsterdam. 

C-Kaufere*a/. (1998) 

D - Shohami et al. (2000) 

E - Cohen et al. (2002) 

F - Tomkins et al. (2002) 

G - Cohen et al. (2003) 

H - Nijholt et al. (2004) 

I -Duncan etal. (1998) 
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EXHIBIT A 



11/V70O4 

HERMONA SOREQ, PhD 
Professor of Molecular Biology 
The Alexander Silberm an Institute for Life Sciences 
The Hebrew University 
Givat Ram, Jerusalem 91904 Jerusalem 

Tel. 972-2-658 5109 Fax. 972-2-652 0258 e-mail: soreq@cc.huji.ac.il 
Home address 14 HaMaayan St., Ein Kerem, Jerusalem 95903 Tel: 972-2-641 4852 
FAX: 972-2-642 9333; CELL PHONE: 972-54-337 866 

Ph.D. The Weizmann Institute of Science (1976) 

Thesis on: "Structure and Functions of Regions in mRNA as Probed by 
Purified Polynucleotide Phosphorylase". 

MAJOR RESEARCH INTERESTS 

Stress Responses, Antisense Technology, Acetylcholinesterase Biology, Molecular Neurobiology, 
Messenger RNA Studies 

See Departmental website at http: / / sites.huji.ac.il/biolchem/ soreq.html 

PROFESSIONAL POSITIONS 

Vice Dean for R & D, Facility of Natural Sciences, The Hebrew University 
Head, The Eric Roland Center for Neurodegenerative Diseases, The Hebrew University 
Head, the Alexander Silberman Institute of Life Sciences, The Hebrew University 
Head, Dept. of Biological Chemistry, The Hebrew University 

Professor of Molecular Biology, Department of Biological Chemistry, The Hebrew University 
Associate Professor of Molecular Biology, Department of Biological Chemistry, The Hebrew 
University of Jerusalem. 

Associate Professor, Neurobiology Department, Weizmann Institute 
Senior Scientist, Neurobiology Department, Weizmann Institute 
Fogarty Fellow, Department of Molecular Cell Biology, The Rockefeller University. 
Scientist, Biochemistry Department, Weizmann Institute 
Research Assistant, Biochemistry Department, Weizmann Institute, Rehovot. 
Research and Teaching Assistant, Department of Biochemistry, Tel Aviv University. 

AWARDS AND FELLOWSHIPS 

2001 Honorary Professorship, The Maimonides University, Buenos Aires 
2000 Research Prize by the Israeli Minister of Health 

1999 Kay Prize for Innovative research, The Hebrew University 

1996 Doctor of Philosophy honoris causa in Chemistry, University of Stockholm, Sweden 

1995 Visiting Professor, College de France, Paris. 

1992 U.S. Army Science Award of excellence, Miami. 

1990- The Charlotte Slesinger Chair on Cancer Studies, The Hebrew University. 

1986 - 1989 - Berman Fellowship, The Hebrew University. 

1985 Chancellor's Distinguished Lectureship, The University of California, Berkeley. 

1982 Honorary Guest Lectureship, The European Society for Neurochemistry, Katania. 

1980 - 1983 Charles Revson Career Development Chair, The Weizmann Institute. 

1977 (1) B. de Rothschild Research Award. (2) H. Weizmann Postdoctoral Fellowship 

(declined). 

(3) Fogarty International Research Fellowship. 
1974 Feinberg Graduate School Award, The Weizmann Institute. 

1968 Shenkar Award, Tel Aviv University. 

INTERNATIONAL PLENARY LECTURES (Past 5 years) 

2004 British Embassy Conference on DNA (February) 

8th International Montreal/ Springfield Symposium on Advances in Alzheimer Therapy, Montreal, 
Canada (April) 

International Society for Neurochemistry 1st Special Neurochemistry Conference Avignon, France 
(May) 

College de France Seminar, Paris, France (July) 
Fourth Forum of European Neuroscience, Lisbon, Portugal (July) 
2003 Research Advisory Committee on Gulf War Veterans Illnesses of the Dept of Veteran's Affairs 

Washington DC, USA (February) 

2002 International Society of Developmental Neuroscience, Sidney, Australia (February) 
Alzheimer's Disease, Geneva, Switzerland (April) 

US Ministry of Defence (DARPA), Lexington, KY (April) 
American Society of Neurochemistry, Miami Beach, Horida (June) 
Genomics GIF meeting, Heidelberg (July). 



2002 




2000 




1995 


-1999 


1992 


-1995 


1989 


-On 


1986 


-1988 


1983 


-1986 


1979 


-1983 


1977 


-1979 


1976 


-1977 


1969 


-1971 


1967 


-1969 
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VII International Cholinesterase Meeting, Pucon, Chile (November) 
Mayo Clinic 0anuary) 
Schering, Berlin (March) 

The Fifth International Conference on the Progress of Alzheimer's and Parkinson's 
Disease, Kyoto, Japan (April) 

The Maimonides University, Buenos Aires, Argentina (May) 

The Gordon Research Conference on Stress induced gene Expansion, Conneticut fluly) 
University of Buenos Aires, Argentina (August) 
Ageing and Dementia, Graz (September) 
The Society of Controlled Release, Paris, France QvHy) 
The Karolinska Institute, Stockholm, Sweden (September) 
The British Society for Cell-Matrix Associations, Newcastle (September) 
The German Society for Biochemistry and Molecular Biology, Munich, Germany (October) 
Medizinsche Gesellschaft Lecture, Erlangen, Germany (October) 
The University of Heidelberg, Germany (December) 
The Winter Series on Aging, Galveston, Texas (March). 
CARES visiting lectureship, Chicago, Illinois (April). 
Japanese Society of Neurology, Tokyo (May). 
The US Society of Neuroscience, Miami, Florida (October). 
The Herman Niemeyer Plenary Lecture, Chilean Society of Biology, Pucon, Chile 
(November). 

The Sixth International Congress on Psychiatric Genetics, Bonn, Germany. 
The Fourth Congress of the Asian Physiological Societies, Brisbane, Australia. . 

INTERNATIONAL SOCIETIES AND COMMITTEES 



2004 Member of CFI Multidisciplinary Assessment Committee MAC (Canada) 

2003- Director, Oligonucleotide Therapeutics Society (OTS) 

2000-2005 Council Member, The International Society for Developmental Neuroscience 

1999-2001 President, The Israel Society for Biochemistry and Molecular Biology 

1999-2002 Member, Federation of European Neuroscience (FENS) Course Committee 

1996-2000 Member, EMBO Long term fellowships committee 

1996 Observer, European Community Committee on Biotechnology 

1993-On Steering Committee, European Neurobiology Network (ENN). 



Council Member: European Society of Neur oc hemi str y (ESN,1992-1996), International Brain-Research Organization 
PRO, 1994-1996), International Society of Neurochemistry (ISN, 2001-2004), International Society of Developmental 
Neuroscience (ISDN, 2002-2005). 

Member: European Molecular Biology Organization (EMBO), Human Genome Organization (HUGO), Federations of 
American and Israeli Societies for Experimental Biology (FASEB, FISEB), American Societies for Neuroscience & for 
Pharmaceutical & Experimental therapeutics, Society of Controlled Release. 

NATIONAL COMMITTEES 



2004- Member, Israeli National Council for Research and Development 

2003- MAGNET Committee, Ministry of Commerce 

2001- Member, Israel Interdisciplinary Center for Neuronal Computation (ICNC) 

2001- Bioethics Committee, Israel Academy of Sciences and Humanities 

2000- 20G2 Head, Infrastructure Advisory Committee to the Minister of Science 

1998-2002 FIRST Committee for interdisciplinary research, the Israel Academy of Sciences and Humanities. 

1997 Scientific Visiting Committee, The Ben Gurion University Department of Biology 

1995- Consulting Committees to the Chief Scientist at the Ministry of Health 

1995-1999 Biotechnology Committee, assigned by the Minister of Science 

1994- 1999 Human Genome Committee, assigned by the Israel Academy of Sciences and 

Humanities. 

BOARDS OF DIRECTORS 

2003- Oligonucleotide Therapeutics Society, Inc. 

2002- FIRST fund, the Israel Academy of Sciences and Humanities 

1997- 2002 . The Landau Fund, Mifal HaPayis 

1998- Machteshim Agan (MA Industries) 

HEBREW UNIVERSITY COMMITTEES 

2002- Head, R&D Committee, The Faculty of Science. 

2002- Senate Representative in the Board of Governors. 

2002- Board of Directors 

2002- Co-Chair, International Work Group on Stress Responses, The Institute for Advanced Studies 
(Together with D. Engleberg). 

2001- Genomics Committee 

1995- 1999 Head, The Life Sciences Institute Committees (R&D, Organization) 
1995-2000 Senate Representative in the Board of Governors 

1994-1995 Head, Committee for Life Sciences recruitments 



2001 



1998 
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1990-1991 



PhD. Studies Committee 
Infrastructure Committee 



ISRAELI UNIVERSITY COMMITTEES 

2001- Visiting Committee, Ben-Gurion University's Biology Dept. (with I. Chet) 

2002- Ramot Academic Committee for Biomedical Research, Tel Aviv University 



INTERNATIONAL CONFERENCE COMMITTEES 
Head, Program Committees: 



2002 Co-Chair, Joint Meeting on Molecular Neuroscience, Heidelberg Univeristy-Hebrew University 

2002 Joint FASEB - IUBMB Conference, Istanbul 

1999 Co-Chair, Program Committee, IBRO Conference, Jerusalem. 
1998 New Jersey-Israel Conference on Biotechnology, New Jersey. 
1994 Tenth Biannual ESN Conference, Jerusalem. 

1993 Bath Sheva de Rothschild workshop on Genome Diversity, Kfar Saba. 

1991 Eighth Biannual meeting, European Society of Developmental Biology, Jerusalem. 

1991 Fourth Biannual meeting, European Oocyte club, Eilat. 
Member of Program Committees: 

2003 6th International Conference on Alzheimer's and Parkinson's Disease 
2002 7th International Symposium on Advances in Alzheimer Therapy, Geneva. 
2002 11th International symposium on Cholinergic Mechanisms, St. Maurtiz. 

2000 6th International Symposium on Advances in Alzheimer Therapy, Stockholm. 

1998 Biannual ESN Conference, St. Petersburg. 
1997 International ISN/ASN meeting, Boston, 

1997 International Alzheimer and Parkinson's Disease Meeting, Eilat. 

1996 Israeli Biotechnology toward the year 2000, Rehovot. 

1991 International Society of Neurochemistry (ISN), Montpellier. 

EDITORIAL WORK 

1991 - 1997 Deputy Chief Editor for Minireviews, Journal of Neurochemistry 

1991 - 1997 Associate Editor, Molecular and Cellular Neurobiology 

1991 A special issue on cholinesterases, Molecular and Cellular Neurobiology 
1984 Molecular Biology Approach to the Neurosciences. 

IBRO Handbook Series, methods in the neurosciences. 
Vol. 7. John Wiley and Sons (London, New York). 

Membership in Editorial Boards 

2003- Neurodegenerative Diseases 

2001- NeuroMolecular Medicine 

2000-2003 Neurobiology of Disease 

2000- Israel Medical Association Journal 

1999- European Journal of Biochemistry, Journal of Applied Toxicology 

1997- International Journal of Molecular Medicine 

1995-1998 Science Spectra 

1994 - CNS Drug Reviews 

1993 - Antisense Research and Drug Development 

1986 Journal of Molecular Neuroscience 

TEACHING ASSIGNMENTS 
Hebrew University: 

2002 ETGAR (Honors) students, 1st year. 

1999 - on Selected Topics in Life Sciences Research, 1st year Biology undergraduates. 

1994 - on Molecular Processes in the brain, 3rd year and Research students in Biology. 

1992 - on Molecular Biochemistry, a laboratory course for 3rd year Biology undergraduate students. 
1991 - 1995 Recombinant DNA in Biological Research, a laboratory course for honours undergraduate 

students. 

1987 - on 1. Introduction to Molecular Biology Course, 2nd year Biology and Biochemistry students. 

2. Intensive Laboratory Workshop on Eukaryotic Gene Expression: From transgene to organism; 
post-graduate students 

International: 



2001, 2004, 2005 Teacher, ISN summer course, Buenos Aires, Avignon, Vienna 

1998 Co-organizer, EMBO practical course on Molecular Neurophysiology, Jerusalem. 

1984 Organizer, EMBO practical course on Molecular Neurobiology, Rehovot 
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STUDENTS AND POST-DOCTORAL FELLOWS 

A. M.Sc. Students 

1. Daniel Eliyahu, 1980-1982. 

Altered Ontogenesis of Specific proteins in agranullar cerebellar cortex. 

2. Ruti Parvari, 1980-1983. 

Biosynthesis of acetylcholinesterase in rat brain and embryonic Torpedo organ as studied by the 
expression of its scarce mRNA species in microinjected Xenopus oocytes. (Cosupervisor: I. Silman). 
Fein berg Graduate Sch ool Award, 1 982 . s-ios ':.<:<: hi / or ir*. Cat -ov* r.s , B tv>G u r io; • U r: j v orsi :.y. 

3. Anat Safran, 1981-1983. 

Variations in translatable mRNAs during development of the rat cerebellum. 
Feinberg Graduate School Award, 1983. 

4. Margit Burmeister, 1982-1984. 

Studies on the biosynthesis of epidermal growth factor in microinjected Xenopus oocytes. 
(Cosupervisor: J. Schlesinger) Minerva Fellowship. Professor of Gv a ne:k<;, Ann Arbor, ML 

5. Adi Avni, 1983-1984. 

Isolation and partial characterization of a human acetylcholinesterase gene identified by homology to 
the Drosophila gene. 

Feinberg Graduate School Special Award, 1984. Senior Lecturer in Biology, Tel Aviv University 

6. Ronit Zamir, 1986-1988. 

Chromosomal mapping of human cholines terase genes. 

7. Shlomo Seidman, 1987-1989. 

Expression and tissue-specific processing of cloned human butyrylcholinesterase in mRNA injected 
Xenopus laevis oocytes. 

8. Efrat Lev-Lehman, 1990 -1991. 

Localization of cholines terase mRNA transcripts in the mammalian brain. 

9. Nilli G alyam, 1997-1999. 

Neuronal and hematopoietic consequences of antisense acetylcholinesterase suppression. Pollack 
Award, 1998. Wolf Award, 1999. 

10. Nadav Livny, 1998-1999. 

Genetic and epigenetic contributions toward anticholinesterase insults. 

11. Nelly Gluzman, 1997-2000. 

Site-directed mutagenesis approach to drug interactions of human cholines terases. 

12. Danijel AlBajari, 1997 - 2001. 

Structure-function relationships between acetylcholinesterase and presenilins. 
Boehringer-Ingleheim fellowship, 1998-2000. 

13. Alastaire Grant, (BSc University College, London), 1999 - 2001. 

Functional polymophisms in the ACHE locus.UK Friends of HU] fellowship, 1999-2001. 
Ph.D. sii-ceviL University CoUt:g:;, London. 

14. Boris Bryk, 2002-2004. 

Inherited and acquired interactions between ACHE and PON1 polymorphisms modulate plasma 
acetylcholinesterase and paraoxonase activities. 

15. Deborah Toiber, 2002-. 

Novel human and murine Acetlycholinesterase variants. 

16. Adi Gefen (co-superviser: Raz "Yirmia, Dept. of Psychology, The Hebrew University). 2003- 
Cholinergic links with cytokine gene expression. 

17. Keren Ail on, (BA in Psychology, Haifa University) 2003- 
Stress-associated involvement of the ACHE/PON 1 locus. 

18. Shani Ben-Arie, 2003- 

Stimulus-inducible modulations in neuronal alternative splicing patterns. 

19. AmitBerson,2003- 

Acetyl cholines terase gene expression modifications in neurodegenerative diseases. 

B. Ph.D. Students (and thesis topics) 

1. Averell Gnatt, 1985-1990. " 

Structure-Function relationships in human cholinesterase genes and their protein products. 
Landau Award, 1 990 As& i&ta at Professor in Ph ax r/UK*olo£V/ VwXvus ? A ry oi Ma * y: . : ) .: ui . 

2. Revital Ben-Aziz Aloya, 1989 - 1993. 

Post-transcriptional regulation of the human acetylcholinesterase gene. Landau Award, 1991. 

3. Gal Ehrlich, 1989 - 1993. 

Congenital and acquired modulations in the human cholinesterase genes in tumor and healthy 
tissues. Golda Meir Award, 1989, Pollack Award, 1 990. 

4. Shlomo Seidman, 1990-1994. 
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A morphogenic Role for acetylcholinesterase: Heterologous Expression Studies in microinjected 
embryos of Xenopus laevis. Magna Cum Laude. Landau Award, 1995, 

5. Yael L oew en stein-Li ch ten stein, 1990 - 1996. 

Molecular dissection of active domains in human cholinesterases. 

Pollack Award, 1991, Landau Award, 1994, Human Frontiers Post-doctoral Fellowship, 1996- 1998. 

6. Rachel Beeri-Leibson, 1991-1997. 

Human acetylcholinesterase expression in transgenic mice: An approach to the molecular control of 
cholinergic responses. European Neurobiology Network Award, 1995, Lady Davies Post-doctoral Fellowship, 
1997. 

7. Efrat Lev-Lehman, 1992 - 1997. 

Developmental role(s) of acetylcholinesterase revealed by multileveled modulations of ACHE gene 
expression. 

Golda Meir Award, 1990. B. de Rothschild Post-doctoral Fellowship, 1997-1999. 

8. Mirta Grifman, 1993 - 1998. 

Modulation of cholinergic signalling by Antisense Technology. 

1SN Travel Fellowship, 1 995. Mexican HUJ Friends Fellowship, 1996. ' 

9. MeiraSternfeld, 1992 -1999. 

Structural and catalytic functions of alternative human cholinesterase variants in native and 
transgenic systems. 

Pollack Award, 1993. Lady Davis Post-doctoral Fellowship, 1999. :..eclu/ov, H<V:fu Uri.ivtvr:>;iy. 

10. Daniela Kaufer, 1994 -1999. 

Molecular mechanisms underlying cholinergic stress responses in mammals. 

Pollack Award, 1996. ISN Travel Fellowship, 1997. EMBO Post-doctoral Fellowship, 1999 (declined). 

Human Frontiers Post-doctoral Fellowship, 1999. LSRF Post-Doctoral Fellowship, 2002. 

Assiste vi* Pvofesor. UC Berkley, £004. 

11. Michael Shapira, 1994 - 2000. 

Neurogenetics approach to the transcriptional control of acetylcholinesterase production. 

Pollack Award, 1995. Maria-Ascoli Award, 1999. Deans' Post-doctoral Fellowship, 2001. LSRF Post-Doctoral 
Fellowship, 2004. r'ost-Dix-JoraJ Fallow, Stanford Univexstty. 

12. Eran Meshorer, M.Sc. (HUJ), 1999-2003. 

Delayed molecular consequences of nervous system stress responses: from DNA microarrays to altered 
neurotransmission pathways. ISN Travel Award, 2001, 2003. Lichtenstein Award, 2001, ICNC 
PhD fellowship, 2002. Fosfc -Doctoral FeSow, NfH. 

13. Marjorie Pick, M.Sc. (University of Melbourne), 2000-2004 

Hematopoietic functions of acetylcholinesterase-derived C-terrninal peptides, (co-supervisors: A. 
Eldor and E. Naparstec, TAU). 

14. Osnat Cohen, DVM (HUJ), 1997- 

Dissection of Acetylcholinesterase Contributions toward the Cholinergic Control of Mammalian Behavior 
(co-supervisor: R. Yirmiya, Psychology). ASPECT Fellowship and Best Paper Award, 2000. 

15. Noa Farchi, 1998-2004 

The roles of AChE splice variants in neuronal and muscle function: transgenic engineering approach, 
(co-supervisor: B. Hochner, Neurobiology). Dean's Award, 1999, 2000, Pollack Award, 1999. 

16. Ella Sklan, M.Sc. (Ben Gurion University), 1999-2004 

Acetylcholinesterase/paraoxonase genotype and expression predict anxiety scores in Health, Risk Factors, 
Exercise Training, and Genetics study. 

17. - Inbal Mor, M.Sc. (HUJ), 1998- 

Morphogenic functions of acetylcholinesterase variants in terminal differentiation. 
Dean's Award, 2000. Pollack Award, 2001. 

18. Irit Shapira, B.Sc. (in psychology, HUJ), 2000- 

Molecular mediators of cognitive responses to psychological and physiological stress, (co-supervisor: R. 
Yirmiya, Psychology). 

19. Tama Evron, B.Sc. (HUJ) 1999- 
Acetylcholinesterase-associated modulations of immune responses. 

20. Liat Ben Moyal, (BSc Ben Gurion University), 2001- 

Acetylcholinesterase/Paraoxonase interactions increase the risk of insecticide-induced Parkinson's disease. 
Hazelkom fellowship, 2001-2002. . 

21. Erez Podoly, M.Sc. (HUJ), 2002- 

Structural implications of AChE's protein-protein interactions 
Co-Supervisor: Oded Livneh 

C. M.D. Ph.D. Students (and thesis topics) 

1. Patrick Dreyfus, M.D. (The University of Paris), 1986-1989. 

Multileveled regulation of the human cholinesterase genes and their protein products. 

1NSERM exchange visitor. rolio'.v, Pads. 
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Yaron Lifson-Lapidot, M.D. (Ben-Gurion University), 1989-1991. 
Elements of cholinergic signalling in Hematopoiesis. 
Levi Eshkol Fellowship 

Daniel Grisaru, M.D. (Tel Aviv University), 1996 - 2001. 

Morphogenic Function(s) of Acetylcholinesterase variants and fragments thereof in normal and 
pathological development. Senior Lector or, Tel-Aviv University, 
(co-supervisor: A. Eldor, TAU). Meirbaum award, 1998. 
Asher Salmon, M.D. (Technion), 1998 -. 

Genetic Engineering approaches into cholinesterase interactions with Xenobiotic agents. 
ENN short-term fellowship, 1998. Barclays Post-doctoral Fellowship, 2001. 
Chava Perry, M.D, (HUJ), 2000- 

Molecular mechanisms underlying acetylchoinesterase associated tumorogenesis. 
(co-supervisor, the late A. Eldor, TAU) 

Meirbaum Award, 2000.Long-term Ministry of Health Fellowship, 2001. Lecturer /fti-Aviv University, 
Michael Levy, M.D./Ph.D. program, (HUJ), 2001 ^ 
Antisense modulations of cognitive processes. 

Co-Supervisor: Hagai Bergman (Faculty of Medicine). Interdisciplinary Center of Neuronal Computation 
Fellowship. 

Rinat Kahat, M.D. (Technion), 2001- 
Acetylcholinesterase in retinal functioning, 
(co-supervisor with Ido Perlman, Rapaport Institute). 

M.D. Basic Research Fellows 

NissimRazon, M.D., (Tel Aviv University) " 1982. 

Selective Impairment of Gene Expression in Human Brain Tumors. 

Bornstein Award, 1982. &i j vnvr : c fcur ov. To": A v i v I ; vt : v orsi iy\ 

Avi Matekel, M.D., (Tel Aviv University), 1983. 

Polymorphism of acetylcholinesterase in fetal human tissues. 

Gustavo Malinger, M.D., (Tel Aviv University), 1986. 

The Expression of Human Cholinesterase Genes in Normal and Malignant ovary. 

Israel Fertility Association Award, 1 986. 

Eduardo Schejter, M.D., (Tel Aviv University), 1987. 

Expression of human cholinesterase genes in muscle. 

Ari Ayalon, M.D., (Tel Aviv University), 1988. 

Expression of human cholinesterase genes in fetal and neoplastic brain tissues as detected by in situ 
hybridization. 

Adrian Katz, M.D., (Tel Aviv University), 1989. 
Spermatogenic expression of human cholinesterase genes. 
Asher Salmon, M.D., (Technion, Haifa), 1997. 

Variable interactions of alternative chol in esterases with heroin derivatives. 
Tatiana Wender, M.D., (Ben Gurion University), 2001. 

ACHE promoter polymorphisms in occupationally induced Parkinson's Disease. 
AmirDori, M.D., PhD (Ben Gurion University), 2002. 
Neurogenic Functions of Embryonic AChE. 

Post-Doctoral Fellows 

Sherena Cedar, Ph.D. (in Immunology, London University) 1983 - 1984. 

The expression of cholinesterase in inducible human erythroleukaemic cells lines. 

EMBO Post-Doctoral Fellowship. 

Catherine Prody, Ph.D. (in Biochemistry, University of California, Berkeley) 1984 - 1988. 
Molecular cloning of human cDNA sequences coding for cholinesterases. 
MDA Fellow. 

Judy Lieman-Hurwitz, Ph.D. (in Virology, Weizmann Institute) 1987-1989. 
Expression of cloned acetylcholinesterase cDNA in microinjected Xenopus oocytes. 
Levi Eshkol Fellowship, 

Lewis Neville, Ph.D. (in Neurobiology, University of Southhampton) 1989-1991. 

Expression of natural and site-directed cholinesterase variants in microinjected Xenopus oocytes. 

Golda Meir Fellowship. 

Avereil Gnatt, Ph.D. (in Biochemistry, Hebrew University), 1991-1992. 
site-directed mutagenesis of recombinant human butyrylcholin esterase. 
Honorary ESN Lecturer, 1992, Dublin 

Rachel Karpel, Ph.D., (in Ecology, Hebrew University), 1991 - 1994. 



7 



Cholinergic signalling and cell division control. 
JCRF Fellowship. 

Mikael Schwarz, Ph.D. (in Botany, Hebrew University), 1992- 1994. 
Molecular dissection of catalytic events of cholinesterases. 
Levy Eshkol Fellowship. 

Ellen Chaikin, Ph.D. (in Developmental Biochemistry, Hebrew University), 1993. 
Expression of cholinesterases in osteogenesis. 
Golda Meir Fellowsh ip . 

Christian Andres, M.D., Ph.D (in Neurochemistry, University of Strasbourg), 1993 - 1995. 
Transgenic expression of human acetylcholinesterase in murine nervous system. 
JNSERM & NCKD-Israel Ministry of Science Exchange Fellowships. 

P roi'o s 'iox or" G at i <: s. , \ U ■ i\*i:s > ity ot : To* t :;s. , 

Alon Friedman, M.D., Ph.D. (in Neurobiology, Ben Gurion University), 1996-1998. 
Electrophysiological and molecular mechanisms underlying cholinergic hyperexcitation. 
Smith Psychobiology Post-doctoral Fellowship. Foulkes Prize, 1997. leva Prize, 1997. 
Senior I ^.*urev, Bor:- Gunon University. 

Ron Broide, Ph.D. (in Neurobiology, University of CA., Irvine), 1995-1997. 
Photoreceptor degeneration in ACHE transgenic mice. 
Valazzi - Pikovsky Fellowship. 

Christina Erb, Ph.D. (in Pharmacology, University of Mainz), 1999-2000. 

Transgenic approach to the molecular neuropharmacology of cholinergic transmission. 

Long-Term Minerva Fellowship. 

Klara Birikh, Ph.D. (in Molecular Biology, Moscow University), 1999 - 2000. 
Conditional antisense suppression of neuronal acetylcholinesterase production. 
bong-Term EMBO Fellowship. Senior Xizs&itcb.zs , Chft«.uyaki?i lVi£?J.i:ne, Mosctwv. 
Cesar Flores Flores, Ph.D. (in Biochemistry, Univ. of Murcia, Spain) 1999 - 2002 
Combinatorial search for monoclonal anti-AChE antibodies. 
Golda Meir Fellowship (declined); Long-term FEBS Fellowship. 
Rase^vcbex, Thf; University of M urds . Spaiis. 
Amir Don, MD, PhD (in Physiology, BGU), 2002-2003. 
Neurodevelopmental implications of acetylcholinesterase gene expression. 
Smith Psychology Post-doctoral Fellowship. 

Cinthya Assuncao Guimaraes, Ph.D. (in Neurogenetics, University Rio de Janeiro, Brazil) 
EMBO New World Fellowship, 2002 - 2004. 

Yoram Ben-Shaul, PhD. (in Computational Neuroscience, HUJ) 2003-2004 
Interdisciplinary Center for Neural Computation Post Doctoral Fellowship 2003-2004 

MAJOR EXTRAMURAL COLLABORATIONS 

Charles J. Arntzen, Director,Arizona Biodesign Institute and Tsafrir Mor, Assistant Professor, 

Arizona State University, Member, US President's Advisory Council on Science. 

Human acetylcholinesterase production in transgenic tomatos (DARPA grant 2001-2004). 

Fritz Eckstein, The Max Planck Institut for Experimental Medicine, Gottingen, W. Germany. 

Use of Antisense oligodeoxynucleotides for the in vivo modulation of cholinergic signalling and 

survival. 

(Ministry of Science grant, 1991 - 1994; GIF grant, 1994-1997; 

Joels Visiting Professor November 1997 - February 1998, Hebrew University of Jerusalem). 

The late Amiram El dor, Chairman, Department of Hematology, Sourasky Medical Center, Tel Aviv. 

Hematopoietic function(s) of human acetylcholinesterase variants. 

Alon Friedman, Department of Neurosurgery, Soroka Medical Center, Beersheva. 

US Army Medical Research and Development Grant, 1999-2004. 

Israel Hanin, Chairman, Department of Pharmacology & Experimental Therapeutics, Loyola 
University, Chicago. Cholinotoxic effects on brain -region specific alterations in G,C-rich transcripts. 
Lady Davies Fellow, 1993. Smith Psychobiology Fund, 1993. 

James Patrick, Vice President and Dean of Research, Baylor Medical School, Houston, Texas. 
Transgenic modulations of cholinergic functions. (BSF Grants, 1989-1992, 1993-1996, 1997-1999, 2000- 
2002). 

Gene Robinson, Dept. of Entomology, University of Illinois, Urbana, IL U.SA. 

Molecular Genetics approach to Honey Bee Acetylcholinesterase. Fullbright Fellow, 1996. Smith 

Psychobiology Fund, 1996. 

Raz Yirmiya, Dept. of Psychology, HUJ. 

Cholinergic modulations of mammalian behavior 

Haim Zakut, The Sackler Faculty of Medicine, Tel Aviv University. 
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Expression of human cholinesterase genes in fetal development and in neoplastic tissues (Academy 
grant, 1994-1996: Ministry of health grant, 1995-1996). 
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PATENT APPLICATIONS 



Title 


Application/ 
Pat. No 


Application 
Date 


Current 
Status 


Yissum 
(Luzz.) 


Genetically Engineered Human 
Cholinesterases 


IL Priority 


21/03/89 


Renewed 
03/02/02 


1961.00 
(89703) 




EU 0 388 906 


20/03/90 


Granted 
14/06/95 


1961.03 
(90105274) 




F 0 388 906 


14/06/95 


Granted 
14/06/95 


1961.04 




CH 0 388 906 


14/06/95 


Granted 
14/06/95 


1961.05 




GB 0 388 906 


14/06/95 


Granted 
14/06/95 


1961.06 
(90105274.6 

) 




DE 690 20018.8 


14/06/95 


Granted 
14/06/95 


1961.07 




US 5,595,903. 


02/08/93 


Granted 
21/01/97 


1961.08 

(6321) 

(08/111,314) 


Transgenic Animal Assay System for 
Anticholinesterase Substances . 


US 5,932,780 


09/01/95 


Granted 
03/08A999 


2098.01 
(08/370, 156 
[814095]) 




PCT/US 95/02806 


28/02/95 


Published 
31/8/95 


2098.02 
(6312) 




EU 95913580.7 


28/02/95 


Filed 


2098.03 




US 6,025,183 


06/03/97 


Granted 
15/2/00 


2098.04 




US 09/310,638 


12/5/99 


Examined 


2098.05 


Therapies Utilizing Antisense 
Oligonucleotides and Butyryl- 
Cholinesterase Inhibitors 


US 


12A2/96 


Provisional 


(60/035,266) 


A method and composition for enabling 
passage through the blood-brain barrier 


PCT/US97/21696 


20A1/97 


Published 
28/5/9 


2151.02 
(6439) 




US 6,258,780 


20A1/97 


Granted 
10/7/01 


2151.03 




IL 129990 


20/11/97 


Filed 


2151.04 




AUS 53642/98 


20A1/97 


Granted 
10/7/01 


2151.05 




CAN 2272280 


20/11/97 


Filed 


2151.06 




JAP 10-523989 


20/11/97 


Filed 


2151.08 


Method of Screening For Genetic 
Predisposition to Anticholinesterase 
Therapy - 


PCT/US9 00322 


11A/96 


Published 

18/7/96 

W096/21744 


2207.01 
(6785) 




US 08/370,204 


09/01/95 


Allowed 
partially 
appeal 
13A0/99 


2207.03 




CAN 2,209,683 


11 A/96 


Filed 


2207.04 




JAP 8-521788 


11A/96 


Published 
24A1/98 


2207.06 




US 5,807,671 
Priority 


9/1/95 


Granted 
15/9/98 


2207.00 




US 6,326,139 


09/01/95 


Granted 
4A2/2001 


2207-05 
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Synthetic antisense oligodeoxynucleotides 
targeted to human ACHE (Title as US 
patent) 


PCT/US 97/23598 


12/12/97 


Published 

18/6/98 

WO98/26062 


2304.01 
(6707) 




US 6,121,046 


12A2/97 


Granted 
19/09/00 


2304.02 




IL 130162 


12/12/97 


Filed 


2304.03 




AU 727611 


12A2/97 


Granted 
14/10/00 


2304.04 




CAN 2,274,985 


12/12/97 


Filed 


2304.05 




EP 0951536 


12A2/97 


Published 
15/9/99 


2304.06 




JP 10-527069 


12/12/97 


Filed 


2304.07 




US 09/572,630 




Examined 


2304.08 




Cip 








Synthetic antisense oligodeoxynucleotides 


PCT/EP 93/00911 


15/4/93 


Published 


2042.01 


and pharmaceutical composition containing 






28A0/93 


(6692) 


them 






WO93/21202 






JAP 517984/93 


15/4/93 


Abandoned 


2042.02 




EP 0636137 


15/4/93 


Granted 
Validated in 
FR,DE &UK 


2042.03 




US 5,891,725 


1/12/94 


Granted 
6/4/99 


2042.05 




CAN 2,118,235 


15/4/93 


Filed 


2042.06 


Cip title: Synthetic antisense 


US 6,110,740 


2/5/98 


Granted 


2042.07 


oligodeoxynucleotides targeted to ACHE 


Cip patent 




29/8/00 




Title: Deoxyoligonucleotides and pharmaceutical 


IL 101600 


15/4/92 


Granted 


2042.00 


compositions containing the same 


(Priority) 




30/5/00 




Methods and compositions for the treatment of 


PCT/US 98/04503 


6/3/98 


Published 


2325.01 


injury to the central nervous system 






11/9/98 
W098/39486 


(6720) 




AUS 64521/98 


6/3/98 


Abandoned 


2325.02 




CAN 2,283,068 


6/3/98 


Filed 


2325.03 




US 09/380532 


6/3/98 


Examined 


2325.04 




EP 98910229.8 




Abandoned 


2325.05 


Diagnostic uses of antibodies against AChE or 


IL 130225 


31/05/99 


Examined 


2463.00 


C-terminal peptides thereof 


Priority 






(8248) 




PCT/IL 00/00312 


31/5/00 


Published 

2A2/00 

WO00/73343 


2463.01 




US 


31/5/00 




2463.02 




EU 


31/5/00 




2463.03 




CA 


31/5/00 




2463.04 




IL 


31/5/00 




2463.05 


Pharmaceutical compositions comprising 


IL 132972 


16/11/99 


Filed 


2428.00 


AChE AS-ODNs for the treatment of 








(6711) 


muscular and neuromuscular disorders 












PCT/IL 00/00763 


16/11/00 


Filed 


2428.01 


Human antibodies to specific AChE variants 


IL 140071 


4/12/00 


Filed 


2557.00 


and their use as diagnostic agents for 
cholinergic neurodeterioration processes 








(12261) 




PCT/IL 01/00464 


19/06/01 


Filed 


2557.01 


Antisense oligonucleotide against human 


IL 143379 


24/05/01 


Filed 


2584.00 


AChE and uses thereof 








(13122) 


System and method for assaying drugs 


US 60/247,970 


14A1/00 


Exhausted 


2547 




PCT/IL01/01051 


14/11/01 


filed 


(13825) 


Acetylcholinesterase-derived peptides and 


US-2003-0036632- 




Just filed 


2356.03 


uses thereof 


Al (cip of PCT) 






(7811) 




PCT/ILOO/00311 


31/5/00 




2356.02 




IL 130224 


30/05/99 




2356.00 




IL 131707 


02/09/1999 




2356.01 
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Genetically engineered proteins having human 
cholines terase activity 


US 5,215,909 (cip 
App) 

EU 206 200 


18/Jun/1986 
18/06A986 


Granted 
0l/JunA993 
Granted 
23/09 A 992 


0011.05 
0011.03 


Hybrid transgenic mouse with accelerated 
onset of Alzheimer type amyloid plaques in 
brain 

(with Mayo Clinic) 






Pre-filing 


2622.00 
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EXHIBIT B 



Acetylcholines tease as a window onto stress responses 
Hermona Soreq, Raz Yirmiya, Osnat Cohen, David Glick 

Abstract 

Some years ago we had noted that both stress and inhibition of acetylcholinesterase (AChE) 
result in some common long-lasting symptoms. We then found that both stress and inhibition of 
AChE cause an increase in genetic expression of AChE that is also associated with a shift in its 
pre-mRNA splicing pattern. Of the several variants of AChE that arise due to alternative splicing, 
it is specifically the usually rare, soluble AChE-R variant that is up-regulated. Transgenic mice 
that over-express AChE also show many of the same symptoms as stress: erratic behavior 
following circadian light/dark shift, progressive muscle fatigue and degeneration of 
neuromuscular junctions, progressive failure of learning and memory, and development of 
neuropathologies. Stress-associated characteristics can be ameliorated by treatment with 
antisense agents that induce selective destruction of AChE-R, which provides further support for 
this variant having a role in the etiology of stress responses. 

Introduction 

A striking similarity exists between reported responses to anti-cholinesterase exposure and stress 
(Fullerton and Ursano, 1990; Somani et al., 2000). Furthermore, anti-cholinesterases and stress 
both induce expression of the acetylcholinesterase gene, ACHE (Kaufer et al., 1998; Kaufer et al., 
1999). The realization of this similarity has drawn us into stress studies from backgrounds in 
molecular biology and neuroimmunology, and the melding of our molecular biological and 
behavioral approaches has contributed, we feel, to a deeper appreciation of cholinergic 
neurotransmission, and of acetylcholinesterase (AChE) in particular, in stress responses. This 
chapter, therefore, presents the cellular and behavioral long-term stress responses as molecular 
and biochemical processes that are amenable to further study, and, we hope, to therapeutic 
intervention. 

Acetylcholinesterase and stress responses 

. Cholinergic responses to stress 

* It is well accepted that stress in mammals is rapidly followed by a pronounced activation of 
central cholinergic pathways that is correlated with transiently enhanced release of acetylcholine 
(ACh) (Dazzi et al., 1995; Imperato et al., 1991). Several lines of evidence suggest that this initial 
event contributes to the behavioral consequences of stress. For example, scopolamine affects 
rodent responses to foot-shock stress (Kaneto, 1997); and long-term psychological disturbances, 
strikingly reminiscent of those that characterize post-traumatic stress disorder (PTSD) are 
associated with both acute (Burchfiel and Duffy, 1982; Rosenstock et al., 1991) and chronic (Li 
et al., 2000; Stephens et al., 1995) exposure to inhibitors of AChE. In laboratory animals both 
stress and inhibition of AChE indirectly cause elevation of AChE mRNA and protein levels in 
the brain, while suppressing levels of mRNA that encode the ACh-synthesizing enzyme choline 
acetyUransferase (ChAT) (Friedman et al, 1996; Kaufer et al, 1998). These observations indicate 
that a decrease in ACh, due to increased hydrolysis, is re-enforced by a reduced ACh- 
synthesizing potential in cholinergic pathways. These complementary modulations of cholinergic 
gene expression ensure that transient acute cholinergic hyperactivation is followed by a 
persistent, bimodal suppression of cholinergic neurotransmission in the mammalian brain due to 
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new AChE synthesis. These clues have led us to the initiation of a systematic investigation of the 
role of AChE in stress responses in several experimental paradigms, including the human 
hematopoietic system (Grisaru et al., 2001), mouse hippocampal slices (Friedman et al., 1998) 
myasthenic rat muscle (Brenner et al, in press) and testicular tubules. (Mor et al., 2001). In all of 
these systems we found that various stressors induce expression of AChE-R mRNA, one of the 
3'-AChE mRNA variants that result from alternative splicing of the transcript of the AChE gene, 
ACHE (Grisaru et al., 1999b; Soreq and Glick, 2000). These findings highlight the role of this 
normally rare variant of AChE in mammalian stress. The observations, in four major organ 
systems, suggest a central role for cholinergic pathways in mediating long-term mammalian 
stress responses. The scope of these observations could have been expanded to include panic 
disorders, which have an important cholinergic component (Battaglia, 2002), and depression 
(Lupien et al., 1999), but this would take us beyond the mandate of this chapter. 



3 'Splicing variants 

One source of the variation of AChE is 3' -alternative mRNA splicing (Fig. 1), which confers 
different C-terminal sequences on a 54 3 -residue core protein. 
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Fig. 1. The molecular biology of human AChE. 

A single human ACHE gene gives rise to a wide variety of protein variants. The 543-residue core 
of human AChE is encoded by 3 exons, 2, 3 and 4 and by itself is catalytically competent; 3'- 
alternative splicing of the pre-mRNA result in additional C-terminal sequences of the S 
(synaptic), R (readthrough) and E (erythrocytic) variants. Human AChE-S terminates with 40 
residues (DTLDEAERQWKAEFHRWSSYMVHWKNQFDHYSKQDRCSDL); AChE-E with 
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14 residues (ASEAPSTCPGFTHG); and AChE-R with 26 residues (GMQGPAGSGWEEGSGS 
PPGVTPLFSP). The translation start codon is in exon 2, which encodes a leader sequence that 
does not appear in any known mature protein. In addition to a proximal promoter next to exon 1 
(Atanasova et al, 1999; Camp and Taylor, 1998; Chan et al., 1998), a far upstream distal 
enhancer region is rich in potential regulatory sequences. For instance, the ACHE transcriptional 
activation by Cortisol (Grisaru et al., 2001) is likely due to the distal glucocorticoid response 
element (Meshorer et al, 2002). A deletion mutation in this region disrupts 1 of 2 HNF3 binding 
sites, which consequently activates transcription (Shapira et al, 2000b). Normally, much more 
AChE-S than AChE-R mRNA is produced, but under stress or inhibition of AChE, alternative 
splicing produces much more of the AChE-R mRNA, likely under c-fos regulation (Kaufer et al., 
1998). The C-terminal sequence of AChE-S enables it to form multimers that can then be joined 
to anchoring proteins (Ohno et al., 2000; Perrier et al., 2002) that attach them to the synaptic 
membrane; and AChE-E dimerizes and undergoes a transesterification reaction to replace its C- 
terminal sequence with a glycophosphatidylinositol group that can be embedded in the 
erythrocyte membrane. AChE-R, however, cannot form multimers, and when secreted, it remains 
soluble. Additional variation arises from post-translational changes: glycosylation, which affects 
turnover (Kronman et al, 2000), formation of intermolecular disulfide bridges and attachment to 
a phospholipid or collagen-like protein anchor to synapse membranes (as mentioned), or 
intracellular interaction with partner proteins (Birikh et al, in press). 

Note on nomenclature. 

Another nomenclature, based on physical rather than molecular biological relations, names the 
synaptic and erythropoietic variants according to properties of the proteins: T (tailed), and H 
(hydrophobic), respectively (Massoulie, 2000). The many guises in which AChE-T occurs are 
further termed G, for globular, or A for asymmetric and Gi, G2 etc. for monomer, dimer, etc. 

Transgenic mouse models 

We first created a transgenic mouse model (TgS), in which over-expression of human synaptic 
AChE-S, limited to central nervous system (CNS) neurons, promotes a late-onset and progressive 
impairment in learning and memory that is associated with PTSD (Beeri et al., 1995). The 
cognitive defects observed in these mice were assumed to reflect the physiological state induced 
by an excess of AChE. The possibility that modified regulation of ACHE gene expression may 
have imposed profound disruption of both central and peripheral cholinergic systems is 
strengthened by our more recent findings of multileveled impairments in neuromuscular junction 
(NMJ) structure and function (Farchi et al, in press), which eventually led to amyotrophy in 
AChE-transgenic mice (Andres et al, 1997). However, there is a temporal gap between over- 
expression of AChE in young TgS mice and the delayed onset of neurodegenerative and 
cognitive processes, similar to the gap observed in human carriers of mutations that increase the 
risk for late-onset diseases. 

That too little AChE is harmful is powerfully demonstrated by the lethality of anti-AChE nerve 
agents (Taylor, 1996). The fact that AChE-knockout mice can survive in a protected environment 
seems to indicate that to a very limited extent the homologous enzyme butyrylcholinesterase 
(BuChE) can take over some of the functions of AChE (Mesulam et al., 2002) but in no way 
invalidates this conclusion. That an excess of synaptic AChE-S is also harmful, albeit ^in a very 
different way, has been demonstrated in studies of TgS mice; an excess of the AChE-R variant 
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seems more benign in brain and muscle (Andres et al., 1997; Beeri et al., 1995; Sternfeld et al., 
2000), and may even explain the protective nature of the splicing changes in response to stress. 
However, AChE-R accumulation also has adverse consequences, e.g. it impairs sperm maturation 
and is associated with male infertility (Mor et al., 2001). 

Acetylcholinesterase and delayed-onset neurodegeneration 

A consideration of the mass of data on stress responses indicates an intimate involvement of 
ACHE gene expression in both the natural response to various stresses and in the adaptation to 
changed environment that delays neurodegeneration. Several diseases of the central and 
peripheral nervous system are characterized by adult-onset, progressive deterioration. Examples 
include Alzheimer's disease (AD) (Selkoe, 2002), spinal muscular atrophy (Nicole et al., 2002), 
myasthenia gravis (Vincent and Drachman, 2002), Eaton-Lambert disease (Zenone et al., 1992) 
and Parkinson's disease (PD) (Bergman and Deuschl, 2002). Despite their different origins and 
rates of progress, similar symptoms may result from these various etiologies, e.g. AD and PD 
(Greenfield and Vaux, 2002). Additionally, an interesting and revealing parallel exists between 
the long-term effects of anti-AChEs and these delayed-onset neurodegenerative diseases (Kaufer 
et al., 1998; Millard and Broomfield, 1995). A simple model to explain the delayed-onset of 
pathology in these degenerative conditions would view the decline toward disease as a gradual 
accumulation of damage in a basic process that is essential for maintenance of these functions, 
and which results in pathology beyond a certain threshold. In such a model, built-in margins of 
safety protect the system, and hence the organism, for a period of time that reflects the size of the 
safety margin. A more complex approach to understanding late-onset disease is to postulate 
adaptation to the change, for example by feedback responses retrieving the impaired process and 
preventing perturbations in normal function during embryonic, post-natal, and young adult 
periods. While such adaptations can enable normal functioning in the short term, they may 
eventually result in a delayed pathology. In that case, the age of onset of symptoms will depend 
on the limits of compensation and on the functional integrity of the cellular and molecular 
mechanisms that regulate adaptive pathways. Yet more specifically, the data point to changes in 
the control over AChE's alternative splicing as the key process that enables these changes in 
ACHE expression. 

One of the strategies by which Nature has greatly expanded the expression potential of the 
genome is by alternative splicing of pre-mRNAs. In many cases, the original transcript of the 
gene can generate a number of different mature mRNAs by selection of only some of the open 
reading frames and elimination of others. Thus subtly or substantially different variant proteins 
may be generated from a single gene. The process of splicing is accomplished by complex 
molecular motors, under the direction of a number of sometimes competing small splicing factor 
proteins (Stamm, 2002). The limited number of these factors, and the balance among them, 
would allow a concerted response to an external change by the generation of characteristic 
splicing variants of a potentially large number of genes. Thus-, a stress, starvation for example, 
may initially bring about the up-regulation of a single splicing factor, which because of its 
involvement in splicing of a wide variety of pre-mRNAs, results in the biosynthesis of the 
proteins that can minimize the effects of starvation. The integration of the response is built into 
the participation of that one (or those few) splicing factor(s) in the synthesis by splicing of the 
physiologically appropriate mRNAs. Similarly, a defect, inherited or acquired, in one of these 
splicing factors would affect a correspondingly wide variety of such events. Although the extent 
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of alternative splicing as an integrating (or disintegrating) principle is still being explored, it is a 
fruitful source of hypotheses that may help to explain the many forms that responses to stress 
may take in different tissues, and the similarities among responses to various kinds of stresses. 
One example taken from the neurosciences is the stress-induced modification of K + channels (Xie 
and Black, 2001; Xie and McCobb, 1998), which is regulated by neuronal activity-dependent 
transcriptional changes in a number of splicing regulatory proteins (Daoud et al,, 1999). Another 
example, of course, is the stress-directed splicing of AChE pre-mRNA (Meshorer et al., 2002; 
Soreq and Glick, 2000). It has been our burden to explore the physiological consequences of this 
phenomenon. 

Transcriptional feedback response to stress 

The functioning of the ACHE gene is subject to massive developmental pressures, yet retains a 
certain level of plasticity also in the adult. In both neocortical and hippocampal neurons, various 
external stimuli induce rapid, yet long-lasting activation of ACHE gene expression. In fact, the 
ACHE gene responds with increased transcription to psychological stress (Kaufer et al, 1998), 
anti-AChE intoxication (Shapira et al., 2000b), closed head injury (Shohami et al., 2000) and 
autoimmune impairments of neuromuscular function (Brenner et al., in press), alike. It is 
presumed that psychological or physical stress induces cholinergic excitation via release of ACh. 
Elevated Cortisol and the consequent feedback over-expression of AChE then act to dampen 
excessive neurotransmission toward its normal level (Kaufer et al., 1998). This is important both 
for cholinergic neurotransmission and for other neurotransmission circuits modulated by ACh, 
for example hippocampal glutamatergic activity (Gray et aL, 1996; Meshorer et al., 2002), and 
dopaminergic circuits in the substantia nigra (Llinas and Greenfield, 1987). That excess AChE 
can also protect the organism from the toxicity of anti-AChEs, has been demonstrated in 
laboratory animals (Ashani et al., 1991; Doctor et al., 1993; Raveh et al., 1989; Wolfe et al., 
1992). 

Transcriptional activation is common to many genetically determined responses to 
pharmaceuticals, e.g. by cytochrome P-450 proteins. (Evans and Relling, 1999). However, in 
addition to transcriptional activation, AChE mRNA transcripts in nerve, muscle and blood cells 
are subject to calcineurin-controlled differentiation-induced stabilization (Chan et al., 1998; Luo 
et al., 1999). Both these processes increase the amount of AChE when and where it is needed. As 
AChE-R mRNA is significantly less stable than AChE-S mRNA (Chan et al., 1998; Luo et al., 
1999), any stabilizing effect should significantly favor the R- variant. This should be of particular 
interest in the context of the routine use of anti-AChEs in the treatment of AD patients (Palmer, 
2002). Indeed, AChE-R was recently shown to accumulate in the cerebrospinal fluid of AD 
patients treated with anti-AChEs (Darreh-Shori et al., 2002). The variable efficacy of such agents 
among individuals may therefore reflect differential capacities to induce transcriptional activation 
and/or stabilization of AChE mRNA. 

Cholinergic neurotransmission and the biological role of acetylcholinesterase 
AChE has long been recognized for its physiologically essential role in terminating cholinergic 
neurotransmission. It hydrolyzes the neurotransmitter, ACh, which is released from pre-synaptic 
sites and diffuses through the synaptic cleft to ACh receptors, which propagate the nerve impulse 
or initiate muscle contraction. Recent research, however, has indicated that AChE may serve 
additional functions. Early hints at non-classical roles for AChE came from its presence in non- 



5 



neuronal tissues such as the meninges (Razon et aL, 1984), blood vessel endothelia (Pakaski and 
Kasa, 1992) and glia (Karpel et aL, 1994). Human ACHE expression was also observed in 
primary carcinomas (Zakut et aL, 1988), placental chorionic villi (Zakut et aL, 1991) and 
embryonic bone (Grisaru et aL, 1999a). Certain biological actions of AChE in these settings may 
require the protein's catalytic activity (see below). However, microinjection and transfection 
studies have demonstrated that recombinant AChE that had been engineered to be catalytically 
inactive, can still play a role in neurite growth (Grifman et aL, 1998; Sternfeld et aL, 1998a) and 
astrocyte development (Karpel et aL, 1996). 

Compensatory mechanisms as suppressors of stress symptoms 

If, indeed, AChE over-production is generally associated with long-term stress responses, the 
question arises, How does the brain handle the resultant state that is induced by elevated ACh 
hydrolysis? The obvious answer is, by initiating compensatory mechanisms that would elevate 
the cholinergic state to retrieve functional balance. Similar compensatory mechanisms are 
generally assumed to enable the extended pre-symptomatic stages that accompany 
neurodegenerative disease, e.g. AD and PD (Zigmond, 1997). Neurodeterioration, in this view, 
would be due to inadequate compensation for consequences of both inherited defects and stress. 
Elevation of the cholinergic status would be possible only if sufficient numbers of viable 
cholinergic neurons were available. Indeed, animal models are known that develop cognitive 
impairments at relatively early ages due to inherited loss of cholinergic forebrain neurons (Sago 
et aL, 1998; Zigmond, 1997). 

ACHE genetic and post-translational sources of variation 

In contrast to the wide spectrum of post-transcriptional variations of AChE, genomic 
polymorphisms in the human ACHE gene are rare, and those that have been discovered have no 
known effect on enzyme properties. Histidine substitution for asparagine at position 322 creates 
the YTb blood group, indicating that this residue is part of an exposed epitope in erythrocytic 
AChE (AChE-E). The frequency of the polymorphism is higher in Middle East, as compared 
with European populations (Levene et aL, 1987), but the H322N mutation has no effect on the 
catalytic properties of the enzyme, nor does a polymorphism that changes a P446 codon in the 
mRNA, but not the protein sequence of the enzyme (Bartels et aL, 1993; Ehrlich et aL, 1994). 
' The negligible polymorphism in the AChE protein, in comparison with the abundant mutations in 
the homologous BuChE (see below), was taken to reflect the vital necessity of a functional 
AChE. However, there are polymorphisms in up-stream regulatory regions of ACHE (Grant et 
aL, 2001; Shapira et aL, 2000b). By affecting the level of gene expression, or the possibilities for 
alternative splicing of the mRNA, these polymorphisms can have important physiological 
consequences. 

Environmental stress on AChE mitigated by butyrylcholinesterase 

Since its discovery, AChE has been known as the enzyme that hydrplyzes the neurotransmitter, 
ACh. The biological role of the AChE-homologous enzyme, BuChE, has long been problematic. 
It has been postulated that BuChE is a back-up for AChE, and in the very special case of the 
AChE-knockout mouse, as mentioned, it may be BuChE that in fact performs such a function. 
Nevertheless, in the real world of Nature, there are no known cases of human AChE mutations 
that abolish its activity, which is a powerful message that AChE serves an irreplaceable function. 
It must be mentioned, however, that there are mutations of the AChE-S-anchoring protein, which 
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result in end-plate AChE deficiencies (Ohno et al., 2000). Another role proposed for BuChE is as 
a molecular decoy that absorbs anti-AChEs that may find their ways into the body and minimize 
this source of stress on the organ systems that depend on a functional AChE. AChE and BuChE 
have overlapping specificities for substrates and inhibitors, with BuChE being somewhat more 
promiscuous. In consequence, just about every anti-AChE is also an anti-BuChE. The 
environment contains many and varied anti-AChEs, ranging from the anatoxins, natural 
organophosphate poisons of glue-green algae (Carmichael, 1994) and the abundant 
glycoalkaloids of Solanaceae (potatoes, tomatoes, aubergines) to the toxins of snake venoms, e.g. 
fasciculin (Marchot et al., 1997). An anti-AChE entering the body will react with serum BuChE 
(and, for that matter, AChE-E on erythrocyte membranes) before ever coming into contact with 
AChE-S at NMJs or brain synapses. The individual is thus protected by the ability of BuChE to 
adsorb AChE inhibitors. Consistent with its being, in effect, a molecular decoy for AChE, are the 
prominence of BuChE in the serum and its capacity to react quickly with a wide spectrum of 
compounds. Furthermore, some polymorphisms of the BCHE gene render carriers increasingly 
susceptible to the ill effects of anti-AChE exposure. This polymorphism of BCHE has been 
extensively surveyed, originally by study of the variant-characteristic susceptibility to inhibitors 
of the serum activity (Kalow and Genest, 1957), more recently by molecular genotyping (La Du 
et al., 1990). BCHE mutations are very unevenly distributed around the world, with dramatically 
high or low frequencies found especially in historically isolated ethnic groups, possibly reflecting 
genetic founder effects. The different BuChE variants and their frequencies may also reflect an 
evolutionary adaptation to local environmental factors. Because BuChE mutants offer varying 
protection against anti-AChEs, carriers of these mutations may be more vulnerable than non- 
carriers to anti-AChEs and may show exaggerated responses when exposed. An extension of this 
idea, in conjunction with the similarity of chemical and other stressors, is increased vulnerability 
of BuChE mutation carriers to late-onset diseases. In the case of AD, some have found such an 
association (Lehmann et al., 1997; Lehmann et al., 2000), but others have not (Brindle et al, 
1998). 

Non-classical biological roles of acetylcholinesterase 

Non-classical actions of AChE, i.e. those not associated with hydrolysis of ACh at the synapse or 
NMJ, have been reported by a number of laboratories, among them, those of M.E. Appleyard 
(Appleyard, 1992), John Bigbee (Bigbee et al, 1999), W. Stephen Brimijoin (Koenigsberger et 
al., 1997), Susan Greenfield (Greenfield, 1996), Paul Layer (Layer, 1996) and David Small 
(Small et al., 1996). It is still a challenge to integrate the disparate, but not contradictory, findings 
of these research groups into a coherent view of the biology of AChE. Recent discoveries may 
indicate a biochemical basis of at least some of these seemingly anomalous effects. There is a 
homology among AChE and other members of the a/p fold family of proteins, including the 
neurotactins, which are involved in cell-cell adhesion. The conserved domain of neurotactins may 
be exchanged for AChE and still retain cell-cell interaction (Darboux et al., 1996). Moreover, 
genetic inactivation of AChE does not prevent its neurite growth-promoting activity (Grifman et 
al., 1998; Sternfeld et al., 1998a). The mammalian non-catalytic AChE-homologous proteins, the 
neuroligins reside in excitatory synapses (Song et al., 1999), and are known to bind neuronal cell 
surface proteins, the neurexins (Nguyen and Sudhof, 1997); neurexins, neurotactins and 
neuroligins are transmembrane proteins with C-terminal cytoplasmic tails which could enable 
signal transduction through the binding of PDZ domain proteins, e.g. membrane-associated 
guanylate kinases (MAGUKs) (Ponting et al., 1997), and thus provide the molecular basis of the 
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complex consequences that are characteristic of these cell-cell interactions. Many in the research 
community are now open to the recognition of non-cholinergic roles of AChE (Botti et al., 1998), 
and more such functions will doubtless be identified in the near future. 



Fig. 2. Proposed molecular basis of non-catalytic properties of AChE. Cell-cell interactions 
are mediated by the interaction of membrane-bound neuroligin-1 with membrane-bound P- 
neurexin. If neuroligin-1 is displaced from P-neurexin by the homologous (Tsigelny et aL, 2000), 
soluble, AChE-R, the cell-cell interaction is broken. This is likely to modify the properties and/or 
intracellular signaling activities of PDZ domain proteins that interact with both neuroligin-1 and 
p-neurexin, with predictable effects on excitatory synapse activities. When fully understood, this 
version may prove to have been too simplistic, as it cannot be readily reproduced in cultured 
neurons (Scheiffele et al., 2000), but the elements of it seem safely established. 

Compensation for neuron loss by increased neurite outgrowth can delay the symptoms of 
neurodegeneration. Various studies support the notion of AChE's participation in such processes. 
Studies of the morphogenic roles of AChE have been facilitated by the construction of transgenic 
mouse lines that over-express a specific AChE variant, AChE-S (TgS) (Beeri et al., 1995) or 
AChE-R (TgR) (Sternfeld et al., 1998b), by the use of stably transfected cell lines (Bigbee et al., 
1999; Grifman et al., 1998; Koenigsberger et al, 1997). and primary neurons that express and 
produce small quantities of a recombinant variant (Sternfeld et al., 1998a). In several of these 
model systems, human AChE-R emerged as having effects distinct from those of AChE-S. In 
cultured glioblastoma cells, over-expressed AChE-R confers a phenotype of small, round, rapidly 
dividing cells as opposed to the AChE-S phenotype of process growth (Karpel et al., 1996; Perry 
et al, in press). Antisense suppression of AChE mRNA in neuroblastoma cells was associated 
with complete loss of neuritogenesis, which was retrieved by re-transfection with AChE-S 
(Koenigsberger et al., 1997). Similar results were obtained in PC12 cells where either AChE-R or 
the non-catalytic homolog, neuroligin, retrieved neurite growth following antisense suppression 
of AChE-R (Grifman et al, 1998). 

The changes under stress in the levels of AChE variants further imply an altered ratio between 
AChE-R and. AChE-S in the stressed nervous system. This highlights one of the key challenges in 
this field, namely the search for the physiological functions of the different splice variants. While 
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previous theories of AChE's involvement in neurophysiological activities were largely limited to 
cholinergic neurotransmission, its non-catalytic activities likely span many more circuits and 
brain regions. It would be very interesting to know, for example, if the soluble AChE-R 
monomers secreted under stress serve to modulate glutamatergic neurotransmission or affect the 
stress-induced changes in long- term potentiation (Vereker et al., 2000), a cellular function 
related to memory, or the facilitation of long-term depression (Xu et al, 1997), its opposite. 

Animal studies 

Acetylcholinesterase-R is over-produced under the influence of several stressors 
Facilitation of the capacity for ACh hydrolysis provides useful short-term suppression of the 
cholinergic hyperexcitation that is associated with stress responses. This can prevent epileptic 
seizures, a known consequence of anti-cholinesterase exposure (Blanchet et al., 1994; Shih and 
McDonough, 1997), and head injury (Shaw, 2002). However, in the long run, these forms of 
stress or trauma - acute psychological stress, exposure to anti-AChEs, head injury - all can lead 
to delayed neurodeterioration. Further studies will be required to determine whether the 
association of AChE-R with these physiological conditions reflects a causal relationship to 
neurodeterioration, or whether the expression of AChE-R is a protective mechanism that is not 
always sufficient to prevent the deterioration. 

To begin to address these questions we examined stress-induced and stress-related 
neuropathological and behavioral parameters in mice with transgenic over-expression of various 
AChE isoforms. As described below, TgS mice exhibit impairments in learning and memory 
(Been et al., 1995), which may be partially accounted for by the biochemical alterations in their 
brains. TgS mice adapt to the high levels of AChE by increased synthesis of high affinity choline 
transporter (pre-synaptic choline uptake) and acetyl cholinetransferase (ACh synthesis). The 
rather counter-intuitive result is an unchanged level of ACh in awake mice; under halothane 
anesthesia the TgS ACh levels were lower than in parent strain mice, attesting to the transient 
nature of these compensatory effects (Erb et al., 2001). The modified AChE-R/ AChE-S ratio may 
induce persistent changes in the CNS. Exposure of TgS mice to acute levels of the anti-AChE, 
diisopropylfluorophosphonate (DFP), failed to induce AChE-R over-production in their intestinal 
endothelium, an exposure response that occurred readily in the parent FVB/N strain (Shapira et 
al., 2000b). The high level of AChE in brains of TgS or the altered AChE-S/AChE-R ratio may 
render these mice particularly vulnerable to the long-term consequences of acute stress. The TgS 
mice make an intriguing model in which to study the roles of AChE and cholinergic signaling in 
mammalian stress responses, but because several components of the cholinergic system have 
been perturbed, a model with which it is necessary to perform a large number of control 
experiments. 

Neuronal over-expression of AChE is associated with neuropathological and psychopathological 
stress responses 

As mentioned, stress alters features of cholinergic neurotransmission. Superimposed on this are 
often the effects of aging and neurodegenerative diseases (Rehman and Masson, 2001). We first 
explored the specific contribution of variant AChE mRNA transcripts to endurance of neuronal 
properties with time. The brains of TgS mice were tested by high resolution in situ hybridization 
using cRNA probes selective for each of the two major brain variants of AChE, AChE-S and 
AChE-R. Excessive AChE-S mRNA was observed in TgS mice, as compared with non- 
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transgenic controls. This was consistent with the expected cumulative contributions of the 
transgenic human and the host mouse ACHE. Over-production of mouse neuronal AChE-R 
mRNA in these TgS mice was different in the various neuron subtypes, yet significantly higher 
than that in control mice. This suggested an inherited predisposition to constitutive AChE-R 
over-production in certain neurons within the brains of TgS mice. Moreover, the over-produced R 
transcripts travel more readily to neurites in TgS brain and even more dramatically following 
head injury or exposure to anti-AChEs (Meshorer et al., 2002). Because AChE-R over- 
production is associated with stress, a well as with hypersensitivity to both cholinergic agonists 
and antagonists (Meshorer et al., 2002), this further called for evaluating its neuroanatomical and 
behavioral manifestations. 

AChE participation in stress-induced neuropathologies: neuroanatomical manifestations 
Stress is associated with pathological changes in the brain (McEwen, 1999). To explore the 
progressive neuroanatomical changes associated with alterations in cholinergic balance, we 
employed our TgS mice. The dendritic arbors of adult transgenic mice became progressively 
smaller than those of adult controls. These findings, in conjunction with the impairments in both 
working and reference memory that are displayed by TgS mice (Been et al., 1997), demonstrate 
in these mice 3 hallmarks associated with senile dementia, namely, progressive cognitive failures, 
enhanced high affinity choline uptake and late-onset cessation of dendrite branching. It should be 
emphasized that TgS mice do not display amyloid plaques, and thus lack the defining hallmark of 
AD. These mice, therefore, display a more specifically stress-related pattern of 
neurodeterioration. 




control AChE-S AChE-SIn AChE-R 



Fig. 3. Neuropathologies induced by transgenic AChE-S. Sections of cortex were taken from 
normal, TgS, transgenic human AChE-Sin (an inactive engineered variant of AChE-S in which a 
7-residue sequence interrupts the active site), and AChE-R. The pathological "corkscrew" 
structures (red arrow) appear in the brains of the TgSs, much more than in the brains of control, 
AChE-Sin or TgRs. (Sternfeld et al., 2000) 
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To assess the specific neuroanatomical effects of AChE-R, we studied TgR mice. These mice 
were found to display lower levels than controls of stress-associated hallmarks of pathology 
(accumulation of heat shock protein HSP70, presence of reactive glia and curled neurites) (Corso 
et al., 1997; Hamos et aL, 1991; Kubo et al., 1998; Li et al, 1998), whereas TgSs exhibit 
accelerated stress-related pathologies (Sternfeld et al, 2000). TgS mice, which over-produce 
AChE, apparently to their limit, cannot respond by further AChE production and are therefore 
exceptionally sensitive to closed head injury (Shohami et aL, 2000), switch in circadian light/dark 
cycle (Cohen et al., 2002) and exposure to AChE inhibitors (Shapira et al., 2000b). This suggests 
a physiological relevance of AChE's alternative splicing in response to stressors. To this end, 
TgS mice also over-produce the host AChE-R, which is likely to be a systemic response to the 
excess AChE-S at cholinergic synapses. That AChE-R over-production is, itself, a liability to the 
organism is evident from the retrieval of rapid recovery from head injury following the 
destruction of AChE-R by antisense mechanisms (Shohami et al., 2000). In defining the stress- 
induced changes in AChE, is the challenge to locate the effect in the chain of stress-initiated 
events. Table 1 lists some of the studied phenotypes and their outcomes. 



Table 1> Stress-inducing physiological phenotypes associated with cholinergic impair ments 



Insult 


outcome 


reference 


Forced swim (psychological) 


hippocampal hyper excitation 


Friedman et al., 1998 


Light/dark switch (physiological) 


enhanced locomotion 


Cohen et al., 2002 


Anti-cholinesterase exposure 


impaired working memory 


Kaufer et al., 1999 


Head injury 


impaired motor coordination 


Shohami et al., 2000 



Behavioral manifestations of stress 

Behavioral differences between TgS and control mice were first sought by telemetric recording of 
locomotion patterns, both under basal conditions, as well as following the stress of a switch in the 
circadian light/dark cycle. Under normal conditions, naive TgS mice displayed close to normal 
locomotion behavior, similar to that of naive mice from the non-transgenic strain. However, their 
locomotor response to stress, either in their cages or in an elevated plus maze, was distinct from 
that of the parent strain. We also assessed the effects of AChE over-expression in these mice on 
memory functioning, which is known to be markedly affected by exposure to various physical 
and psychological stressors. This issue is summarized in Table 2 and detailed below. 



Table 2. Behavioral stress correlates in TgS mice 



behavioral test 


stress-relevant phenotype 


reference 


Morris water maze 


impaired acquisition of spatial 
information 


Beeri et al, 1995; Beeri 
et al, 1997 


Social exploration 


deficient working memory 
(extended sniffing time) 


Cohen et al., 2002 


Elevated plus maze 


reduced anxiety (prolonged open 
arm time) 


Erbet al.,2001 


Locomotion 


aimless hyperactivity after 
light/dark switch 


Cohen et al., 2002 
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Response to circadian shift: 

Cholinergic neurotransmission circuits are known to be subject to circadian changes (Carlson, 
1994) and control the sensorimotor cortical regions regulating such activity (Fibiger, 1991). 
Conversely, a stressful shift in circadian cycle is known to produce considerable impairment of 
the locomotor behavior of both animals and humans (Lightman et al., 2000; Weibel et al., 1999). 
To assess the general responsiveness of normal and TgS mice to this stressor,, we recorded their 
locomotor activity, using telemetric transmitters, implanted in the peritoneal cavity. Movement 
was monitored by a sensor to estimate distance the animal moved over several days. 

Under routine conditions, both genotypes displayed similar home cage activity. Their circadian 
rhythms included, as expected, significantly more frequent and pronounced locomotor activity 
during the early part of the dark phase of the circadian cycle. Seventy-two hours following 
reversal of the light/dark phases, both genotypes lost most of the circadian rhythm in their 
locomotor activity. This response is common to most rodents, as reported by others (Hillegaart 
and Ahlenius, 1994). However, normal and TgS mice subjected to a circadian light/dark shift 
presented distinctive behavioral patterns. The parent strain, similarly to other mammals, 
presented general reduction in post-shift locomotor activity. In sharp contrast, TgS mice showed 
a general increase in post-shift activity, both during the dark and the light phases. In particular, 
activity in the dark phase of the reversed cycle was significantly greater in TgS compared with 
control mice. These findings indicate that adjustment to the circadian insult was markedly 
impaired in TgS mice, suggesting that these mice display a genetic predisposition to abnormal 
responses to changes in the circadian rhythm, and perhaps other stresses, as well. 

Findings of others (Winslow and Camacho, 1995) and the intensified response of TgS mice to the 
stress of a circadian switch suggested that the excess of AChE is the cause. The variable nature of 
the excessive locomotor activity in individal TgS mice indicated an acquired basis for its extent 
and duration. A potential origin of such heterogeneity could be the increased amount of neuronal 
ChAT and mAChE-R mRNAs in the sensorimotor cortex and hippocampal neurons. As 
mentioned above, both psychological and physical stressors induce neuronal AChE-R over- 
production. Transcriptional activation and shifted alternative splicing thus prevent excess 
accumulation of AChE-S, the C-terminus of which includes a region with reported neurotoxic 
properties (Greenfield and Vaux, 2002). However, the exaggerated stress responses, such as the 
intense locomotor response to the mild stress of a circadian switch can be expected to exacerbate 
the hypocholinergic state of these already compromised animals, as is also indicated from their 
short-term response to tacrine (Cohen et al., 2002; Gheusi et al., 1994). 

Transient antisense suppression of transgenics' locomotor activity further substantiates the 
involvement of AChE-R in the circadian light/dark shift-associated hyperactive response. To 
assess this assumption, TgS mice were injected intraperitoneal^ with 50 ^g/Kg of a 3' terminally 
2-O-methyl protected antisense oligonucleotide, EN101, that suppresses de novo production of 
mouse AChE-R (Cohen et al., 2002; Shohami et al., 2000). The difference between pre- and post- 
treatment locomotor activity was calculated for each animal, following EN101 or saline injection. 
TgS mice presented only a transient decrease in locomotor activity following EN101 treatment. 
This called for using a different behavioral paradigm, one that would avoid transmitter 
implantation and allow direct EN 101 injection into the brain. 
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AChE over-expression and memory functioning. 

The finding that AD is associated with premature death of cholinergic neurons, initially within 
the basal forebrain, and the limited efficacy of anti-AChE drugs in ameliorating these deficits, 
suggested that excess AChE produces cognitive impairments. However, stress is also associated 
with cognitive disturbances (Lupien and Lepage, 2001). Therefore, stress-induced increases in 
AChE expression and catalytic activity, may explain the stress component of cognitive 
impairment in the demented brain. The cognitive failure of TgS mice supports this assumption, as 
detailed below. 

Progressive spatial memory decline as monitored in the Morris water maze: 
To examine their cognitive functioning, TgS mice and wild-type controls were tested in the 
Morris water maze. This test assesses spatial memory, which is known to deteriorate with age; 
however, the age-dependent deterioration in spatial memory was rapidly accelerated in TgS mice 
(Beeri et al., 1995), reaching a level of total failure in young adults (Beeri et al., 1997). 

The reduced dendritic fields in the brains of these mice (Beeri et al., 1997) might represent the 
structural correlate of their spatial memory impairment. This supports previous studies that have 
frequently revealed neuronal damage or atrophy, mirroring cognitive dysfunction in demented 
animals and humans. While it is not yet clear whether the limited dendritic arbors in TgS mice 
reflect enhanced pruning or a suppressed growth of neurites, the thinned neural network that this 
entails mimics a parallel phenomenon in the brain of AD patients (Ruppin and Reggia, 1995). 
The impairments in the Morris water maze performance in TgS mice thus suggest that prolonged 
AChE over-expression is associated with a progressive decline in learning and memory. 

AChE and the disruption of learning and memory 

The delayed consequences of stress and neurodegeneration are both known to involve 
impairment of other aspects of learning and memory, in particular those that related to individual 
relationships. To test whether this aspect of behavior, as well, is associated with AChE 
regulation, we assessed the memory functioning of TgS mice in the social recognition test, which 
is based on olfactory perception (Dantzer et al., 1 990). 

EN 10 1 improvement of short-term memory increases in efficacy and duration in animals with 
severe pre-treatment impairments 

The effects of stress depend both on genetic and environmental elements, and even the inbred 
TgS mice present heterogeneous behavioral characteristics. To examine the effect of EN101 on 
social recognition, and its correlation with pre-treatment symptom severity, TgS mice were 
divided into three groups, and those exhibiting short or long exploration of a familiar juvenile 
were selected based on a baseline social recognition test. Social recognition was tested again 1,3 
and 6 days following two intracerebroventricular injections of EN101, separated by 24 hr. As 
expected, there was a significant overall difference between the short and the long groups in 
exploration time. However, post-hoc tests revealed that these groups differed significantly only 
during the pre-treatment day, and not after the EN101 treatment. Furthermore, within the long, 
but not the short explorers group, social exploration of the 'same' juvenile was significantly 
reduced 1 day after the EN101 injection, with progressive increases in social exploration time 
during the 5 subsequent days. Because of the pre-treatment differences, the severely impaired 
animals sustained a certain level of improvement even at the sixth post-treatment day (i.e., even 
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on this day there was no resumption of the pre-treatment difference between the short and long 
explorers). This experiment thus demonstrated both the efficacy and the reversibility of the 
antisense treatment, and emphasized its exceedingly long duration, especially in animals with 
severe pre-treatment impairments and in comparison to the short-term efficacy of tacrine (Cohen 
et al, 2002). 

Antisense AChE-R mRNA suppression selectively reduces brain AChE-R protein 
To further prove the putative role of AChE-R in mediating the impaired social recognition, we 
conducted a second experiment, in which mice completed a social recognition test before and 
after two injections with either EN101 or a sequence specificity control. 24 hr following the 
second test, their brains were removed and AChE-R expression was assessed. 

As found in the first experiment, Tg mice with long pre-treatment explorative behavior displayed 
a significant improvement in social exploration of the 'same' juvenile 24 h following the second 
treatment with EN101, but not with the irrelevant AS-ON targeted to BuChE mRNA. Control 
mice with either long or short pre-treatment social exploration showed no response to either 
EN101 or ASB, perhaps reflecting a limitation in the resolution power of these behavioral tests. 

Immunodetected AChE-R protein levels were significantly lower in EN101 treated mice as 
compared with ASB treated mice, regardless of their genotype or pre-treatment behavior pattern. 
In contrast, densitometric analysis of immunodetected total AChE protein (detected by an 
antibody targeted to the N-terminus, common to both isoforms) revealed essentially unchanged 
signals. Together, these findings attest to the selectivity of the antisense treatment for treating 
AChE-R over-expressing animals and its sequence-specificity in reversing the AChE-R induced 
impairment of behavior. The outcome of this second experiment has also provided a tentative 
explanation of the long duration of the antisense effect, in that disrupted function appears to be 
associated with higher levels of AChE-R. So long as AChE-R remains below a threshold level, 
function remains normal, even if the antisense agent is no longer present. AChE-R expression, 
thus, presents a relatively wide safety margins, above which it causes deleterious effects. 

Human Studies 

Gulf War syndrome and penetrance of the blood-brain barrier 

Cholinergic pathways are involved in controlling numerous peripheral functions, e.g. 
neuromuscular activity, salivation, intestinal functions and lacrymation. Over the years, this led 
to the development of drugs aimed at controlling these functions. To avoid unwanted effects over 
higher brain functions, these drugs were designed to remain in the circulation, where they are 
held thanks to the integrity and efficiency of the blood-brain barrier (BBB) (Rubin and Staddon, 
1999). A notable example is pyridostigmine bromide (PB), used for the past 40 years for treating 
patients with myasthenia gravis, an autoimmune syndrome that causes debilitating muscle fatigue 
(Berrouschot et al., 1997). During the 1991 Gulf War, injection of PB was a prophylaxic 
treatment of soldiers, in anticipation of chemical warfare, to transiently block AChE and protect 
it from permanent inhibition by nerve agents. This treatment was based on clinical studies that 
demonstrated its effectiveness and showed side effects that were strictly limited to peripheral 
symptoms (Beck et al., 2001). However, impairments in higher functions of treated soldiers and 
subsequent symptoms that appeared to originate in the CNS led to questions regarding the ability 
of PB to remain peripheral under the stresses that were associated with the war (Golomb, 1999). 
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This, in turn, provoked further studies that explored behavioral changes under PB administration. 
It was thus found that PB modified the acoustic startle response (Servatius et al., 1998), 
locomotor activity in an open field (Kant et al., 2001), hand and eye coordination (Wolthuis et al., 
1995), the capacity to press a lever in a delayed reinforced manner (van Haaren et al., 1999) and 
visual discrimination properties (Liu, 1992). A relatively simple explanation of these behavioral 
effects would be that the stress associated with PB injection modifies the properties of the BBB 
and enabled PB penetrance of the brain, in spite of the cationic group that had been introduced 
into this carbamate to prevent penetrance through the BBB. This was, indeed, the working 
hypothesis of a study (Friedman et al., 1996) that reported efficient inhibition of brain AChE by 
intraperitoneal^ injected PB into forced swim-stressed, but not naive, mice. However, the 
complete picture is far from simple, as other studies (with other stressors and other rodents) 
reported no inhibition of brain AChE under systemic administration of PB (Cook et al., 1988; 
Stitcher et al., 1978). The later-reported transcriptional feedback response, including AChE over- 
production under exposure to anti-cholinesterases (Kaufer et al., 1998) offers a tentative 
explanation of this inconsistency. Yet more recently, the lethality of PB in animals was reported 
to be increased (Chaney et al., 1999; Chaney et al., 2000) and its capacity to inhibit brain AChE 
facilitated, when co-injected with permethrin or N,N-diethyl-/n-tolumide (Abou-Donia et al., 
2001; Abou-Donia et al., 1996). While it is difficult to compare these studies to one another, 
because they used different stresses or animals, it seems possible to conclude that under some 
circumstances stress can cause permeabiliztion of the BBB. 

Corticotropin releasing hormone (CRH), a 41 -residue peptide originating in the hypothalamus, 
apparently has a central role in response to stress. It has long been known to cause release of 
adrenocorticotropin from the pituitary into the bloodstream, where it travels to the adrenal cortex 
to promote synthesis and secretion of Cortisol, which is the source of many other stress responses, 
among them activation of ACHE gene expression. More recently, CRH, acting with mast cells, 
has been shown to increase permeability of the BBB (Esposito et al., 2002; Esposito et al., 2001). 
In a dramatic demonstration of the effect of stress, Relyea and Mills found that the anti-AChE 
pesticide, carbaryl, was 2 to 4 times more lethal to amphibians when they were exposed to the 
stress of predatory cues (Relyea and Mills, 2001). This may be an additional demonstration of the 
effect of stress on the BBB. 

A pathological case of AChE in Alzheimer's disease fibrils and plaques 

We presume that the interactions of AChE with other cell elements is a normal physiological 
function, but AChE over-expression under stress may have long-term consequences that can 
potentially affect the initiation and rate of progress of neurodegenerative disease. Indeed, AChE 
has been found in the plaques and tangles to which are attributed the neurotoxicity of AD in vivo 
(Luth et al., 2001; Mesulam et al., 1992; Sberna et al., 1997). AChE binding to p-amyloid has 
been observed both in vitro (Inestrosa et al., 1996) and in vivo (Inestrosa et al., 2000), and was 
reported to enhance the development of amyloid plaques. Recently, we tested the assumption 
that AChE over-expression facilitates the progress of AD by mating TgS mice with transgenics 
that express the amyloid protein with the Swedish double mutation, which increases the risk for 
early-onset AD. As predicted, the inherited AChE over-expression induced the appearance of 
amyloid plaques considerably earlier than in the parent strain, attesting to the potential effect of 
stress on the age of onset of neurodegenerative processes (Rees et al., in press). 
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Cholinesterase genetics and stress responses 

An up-regulation of AChE activity occurs in response to exposure to anti-AChEs (Fullerton and 
Ursano, 1990; Somani et al., 2000). However, in some humans, there is a higher than usual basal 
level of ACHE expression. As in most circumstances, the individual shows no ill effects, there is 
an adaptation to this state. This may involve an increased level of ACh receptors, similarly to 
TgS mice (Perry et al., 2000), or increased high affinity choline transporter, also shown in TgS 
mice (Erb et al, 2001). It was hypothesized that similarly to TgS mice, individuals with 
constitutive AChE over-expression would be unable to respond appropriately to exposure to anti- 
AChEs and that their ACHE gene would contain some clues as to the cause. Therefore the 
genomic DNA from 340 subjects, including several who suffered cholinergic symptoms under 
anti-AChE exposure, was analyzed, with special attention to a region of the promoter sequence 
that was rich in transcription factor binding elements. Two adjacent mutations in a distal 
upstream enhancer domain of the human ACHE gene were discovered in heterozygous carriers 
(Shapira et al., 2000a): a 4-bp deletion and a single nucleotide substitution. The deletion, 
identified in a woman who presented acute hypersensitivity to pyridostigmine, was found in 
transfected cells to constitutively increase AChE expression by abolishing 1 of 2 adjacent HNF3 
binding sites. Because the deletion confers a gain of function of ACHE, the trait is dominant; the 
substitution impairs a glucocorticoid receptor binding site. Further studies will be required to find 
whether this trait is also associated with increased risk for over-sensitivity to stress. 

Peripheral/central interactions: transfer of stress signals through cholinergic pathways 
Recently, a "cholinergic anti-inflammatory pathway" has been identified in which cholinergic 
signaling through the efferent vagus nerve modulates the mammalian inflammatory response 
(Bernik et al., 2002; Borovikova et al., 2000; Tracey et al., 2001). ACh, the principal vagal 
neurotransmitter, significantly attenuated the release of the proinflammatory, tissue necrosis 
factor-a (TNFa), interleukin (IL)-lp, IL-6 and IL-18, but not the anti-inflammatory cytokine IL- 
10, in lipopolysaccharide-stimulated human macrophage cultures and in live rats. A parallel 
process in the brain, or indeed in other leukocytes, has not yet been explored. An interesting point 
of this observation is that ACh in the blood is given a physiological role, and as a corollary, the 
AChE in blood, notably that on the surface of erythrocytes, is brought into question. However, 
erythrocytic AChE changes only very slowly, which seems to disqualify it from a role in 
' inflammatory responses; AChE-R, being soluble and having a short half-life is a more likely 
regulator of the responses to inflammatory challenges, as well as a controller of the anxiety 
associated with the inflammatory responses (Danzer, 1999; Reichenberg et al., 2001). 

In light of reports that stress, both in humans and in animals, involves increased production of 
pro-inflammatory cytokines, e.g. IL-1 (Maes et al., 1998;. Nguyen et al., 1998; Spivak et al., 
1997), and that IL-1 causes AChE over-production in PC 12 cells (Li et al., 2000), we postulate 
the following relationships (Scheme 1): IL-1 induction of AChE over-expression suppresses 
ACh, ablating the interference by ACh in IL-1 production, a cycle that may explain prolongation 
of stress responses (Scheme 1). 

Scheme 1 IL-1 ► AChEf * acetylcholine J 
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A natural extension of this peripheral concept would be to predict that AChE-R levels should be 
pivotal for regulation of ACh in both the peripheral and central nervous systems. Thus, stress- 
induced elevation in Cortisol levels results in elevated neuronal AChE production (Meshorer et 
al, 2002). This would reduce ACh and elevate cytoine production (Scheme 2). According to this 
model, in addition to the direct suppressive effects of Cortisol on cytokine production (Marx, 
1995), it also produces activation of cytokine production, by an indirect cholinergic-mediated 
mechanism. This indirect route may explain some of the permissive and pro-inflammatory 
actions of glucocorticoids (Brooke and Sapolsky, 2002; Munck and Naray-Fejes-Toth, 1994; 
Wilckens and De Rijk, 1 997). 

Scheme 2 stress 



Shown are the cellular and biochemical events to which we attribute predicted stress-associated 
changes. Stress induces the release of cytokines and Cortisol. Cytokines elevation is associated 
with immune, neuroendocrine and behavioral responses (Tokuyama et al., 2000). Cortisol 
induces AChE-R production, which should elevate (A) AChE plasma activity. Vesicular ACh is 
released into the synaptic cleft, where it affects neuronal electrophysiology and may improve 
working memory (Furey et al., 2000). In the periphery, ACh acts to suppress cytokines 
production in macrophages (upward curved arrow). 

AChE-R accumulation is transient because this enzyme and its mRNA are relatively unstable. 
Therefore, the cognitive effects of inflammation would be expected to be limited to the duration 
of Cortisol's presence in the circulation and perhaps several hours after, but not much longer. This 
theory is compatible with previous findings in humans (Yirmiya et al., 2000) and with our on- 
going studies (O. Cohen, unpublished data). 

The future of acetylcholinesterase in stress studies 

A nti-A ChE therapies 

Unwanted long-term sequelae of exposure to anti-AChEs may possibly relate to the non-catalytic 
functions of AChE. However, the currently approved drugs for the treatment of AD patients are 




neocortex (activated 
working memory) 



17 



all designed to suppress the catalytic activity of AChE (Giacobini et al., 2002). While this is 
aimed at redressing the imbalance in the cholinergic system caused by a selective loss of 
cholinergic neurons, these drugs do not reverse the underlying course of the disease. Moreover, 
recent work of others (Nitsch et al., 1998) and our own (Darreh-Shori et al., 2002) suggests that 
at least some of the effects of these drugs are associated with the feedback response leading to 
AChE-R accumulation. This emphasizes the requirement to reach a desired balance between 
AChE-S and AChE-R, rather than merely block AChE catalysis, and calls for novel approaches 
to gene regulation. The conflicting demands of therapy for treatment of exposure to anti-AChEs 
also include the short-term necessity of re-establishing AChE's role in cholinergic 
neurotransmission and the long-term need to prevent an exaggerated rebound increase in AChE- 
R levels. 

As the role of AChE-R in stress responses is brought to light, it is becoming apparent that a key 
to regulating these responses is manipulation of the levels of this protein. It will be a challenge to 
devise therapeutic strategies that will regulate it, while leaving normal cholinergic 
neurotransmission unaffected. One such strategy uses an antisense reagent to specifically destroy 
the mRNA that encodes that variant. Although the antisense approach has been around for several 
decades, the mechanism of action of antisense oligonucleotides is incompletely understood. 
Nevertheless, whatever the molecular mechanisms there have been experimental and even 
clinical successes in using this approach (Orr, 2001). In our hands such an agent, EN101, has 
successfully aided recovery from closed head injury in mice (Shohami et al., 2000), retrieved 
functional working memory in TgS mice (Cohen et al, 2002) and reversed the symptoms of 
experimental autoimmune myasthenia gravis in rats (Brenner et al., in press). EN 101 is now 
being tested in the clinic for treatment of human myasthenia gravis. 

The cholinergic component of stress may confer bidirectional effects on cognitive functions 
Behind the conventional view of stress responses reflecting a complex syndrome or disease, lies 
the fact that acute stress represents an extreme example of a natural process, enabling the 
adjustment to changing environment through neuronal plasticity. This is consistent with the fact 
that acute glucocorticoid administration, while impairing retrieval of long-term declarative 
memory (Kirschbaum et al., 1996), improves the working memory in humans (de Quervain et al., 
2000). It is also compatible with the reports that cholinergic enhancement facilitates the increased 
selectivity of perceptual processing during working memory (Furey et al., 2000), and that higher 
Cortisol values facilitate spatial memory in toddlers (Stansbury et al., 2000). 

Concomitant with the bi-directional effects of stress on memory functions are remodeling 
changes in the dendritic arbors of neurons in various brain regions. These depend both on the 
type of stress and the brain region where they occur; for example, chronic immobilization stress 
induces dendritic atrophy and debranching in CA3 pyramidal neurons of the hippocampus, while 
pyramidal and stellate neurons in the amygdala exhibit enhanced dendritic arborization in 
response to the same stress (Vyas et al., 2002). Chronic, unpredictable stress, however, had little 
effect on CA3 neurons, but induced atrophy in bipolar neurons of the basolateral complex in the 
amygdala (Vyas et al., 2002). The dendritic atrophy observed in pyramidal cortical neurons of 
TgS mice (Beeri et al., 1997) demonstrates yet another version of this response, highlighting the 
fact that we know very little about the cellular and molecular differences among the responses to 
different kinds of stress. 
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This chapter would be incomplete without mention of the complex signaling cascades which are 
pivotal for the described stress responses. These likely involve changes in Ca^-dependent protein 
kinase (PKC) activity and intracellular translocation (Young et al., 2002), especially PCKpiI, 
which has been found essential for the contextual fear response, a characteristic consequence of 
acute stress (Weeber et al., 2000). A tentative link between this signaling cascade and the 
cholinergic feedback response to stress was indicated in a recent two-hybrid search for cellular 
binding partners of AChE-R, which revealed association of AChE-R with the PKCpII scaffold 
protein, RACK1 (Birikh et al., in press). The decreases in RACK1 in the brain of AD patients 
(Battaini et al., 1999) further support the yet elusive link between the stress load with which one 
is confronted and the onset of neurodegeneration. 
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Acute stress facilitates 
long-lasting changes in 
cholinergic gene expression 

Dsnida Kaufar, Alon Friedman*), Shkxno Seidman* 
& Harmon* Soraq* 
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Acute traumatic stress may lead to post-traumatic strew disorder 
(PTSD)', which is charivterixed by delayed neuroptychiatric 
symptoms including depression, irritability, and Impaired cognitfrr 
performance 1 . Curiously, mmeiton of the acetytchollne-hydtalystng 
enzyme acetylcholinesterase may induce ptychopathologUs that 
are reminiscent of PT^D*- 4 . It Is unknown bow a tingle stressful 
event mediates long-term neurona] pUstktty. Moreover no 
mechanism has boat proposed to explain the convergent ncuro- 
psychological outcomes of strew and of aceiykholinesteme 
Inhibition. Howc**« acute stm* e&cUs « transient increase in the 
amounts released of the neurotransmitter scelykboun* and a phase 
of enhanced neuronal excitability*. Inhibitors of acxtykhouncstcnM 
also promote enhanced electrical brain activity*, presumably by 
Increasing the survival of acetykhoUne at the synapse Her* we 
report that there Is similar bidirectional modulation of genes that 
regulate accryicnounr availability after stress and blockade of 
acetylcholinesterase 'Inese cald urn-dependent changes in gene 
expression coincide with phases of rapid enhancement and 
delayed depression of neuronal excitability. 80th of these phases 
arc mediated by muscarinic acetylcholine receptors. Our results 
suggest * model in which robust i-nounergic stimulation triggers 
rapid indu ct ion of the gene encoding the Unnscription factor c-Fos. 
This protein then mediates selective regulatory effects on the long- 
lasting acHvlrles of genes Involved In acetylcholine metabolism. 

The molecular mechanUms Translating a traumatic life experi- 
ence into long-term neuropsychological sequelae are expected to 
involve complex changes in gene regulation. We hive previously 
shown that adult FVTVN mice subjected tn either forced swimming 
nress or inhibitors of the scctytc^oUne-nydrolyting enzyme 
acerytcholinestenie (AChE) exhibit dramatic tncmsei in levels of 
me «<nger RNA encoding the early immediate transcription factor 
c-Foi in the brain 7 . In vitro, sagittal curtkohippucampal brain slices 
exposed to AChE inhibitors showed enhanced neuronal excitability 
and similar incre*jes in cortical c-/bl gent expression within 1 0 min 
(Fig. la]. These increases are mediated by cholinergic stimulation of 
matcartnic acetylchnline receptors. 

The presence nf c-Fos-hinding xitea in the pmmnters nf key 
cholinergic genes, such as the genes encoding AChf-*, the acetyl- 



choiine-tynthesixing enzyme choline icctytirarufcruc (GtAT} M . 
ind die veiicular acerylcholine transporter (VAChT)". indicated 
Chat elevated oros level* might saivatc regulatory pathwayts) 
leading 10 long-term changes in the expression of prutciiu mediat- 
ing brain cholinergic iieurolnunuttssiun. vVe performed qusiitila. 
tive reverse transcription with polymerase chain reaction fRT- PCR) 
on cortical RNA extraaed either from mice 1 0-90 min after forced 
swimming nr tram hrain slices jfter exposure m the chnlinejieruw 
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Frjara 1 Acuta strew and antiohofinesterasea rnoduWe OiSgvnv wprwHnun 
sltrdlarl/. a. RT-PCR srtalysia waa partormMd uo pma wxiiudud irum t)w tvux ut 
oocw* mice and strassed mica or Itorn aovaal uuftccrripuucmfxiul ius 
incubuod wrti 1»tM OH* « IimM pyt«ta»nnwie |*/0*>-) Kmrtrt» «Mm 
a3>nc*od tmery th«0 cyclw, olortmpMnnwrtrt. and Matnnd <mtti Mhtdkim hrorrd*. 

rprfWi r^fnn mRKA t*v«is 10 rr*i ana* mm* or ACn£ Inrtitssofv sna ACnC 
OAT. VAChT «nr) cynsptophyain (3yn) RNA tavala Xmin rttr ireatment. The 
Mow* snows rspms*«*0v* gala and rautW band Inontltes (n«aan x s.d-1. 
nrtCLdatao tram Oanssomaolc anaryals of a slntf a cyda varrted 10 ba witwi ma 
rmaar ranoa of pmdua accurmilatkin for the specific PCn raaction. On average, 
ftva RHA samptrt were anaty*«d tor tocnite«m»fl( grouo. Tor c-Tot. ACnE. 
ChAJano VACnT, trte dtft«tnc*9 m RMA levers oosarveO between re conmH and 
»'tt*y stress or s-AChE samples wen al kxind 10 be aulstcatv jtgrrfican 
(P < (UU) in a two-taita Studvm a f-tu3t. RNA kw ntm-tuUM) <jw+<J wmtt^a 
ULfimulud Durtctno simitar lo tnooe irewt norHi«*W J5l«w (nrt nhnwn(, k>, Af>»F 
ir*Mt*tK*i Mtcrcam fwi>»i eMOtacAly Tho hnurw a h nw w «nmr»autM m«i«I 
potantiaia mutaea m (M CAi nma t**m (Minntv) rw.oiim fnsowmg (*JOiF) 
Artrwion tH \fM RFP tn th* prtrftwdrtg nokeinn Onrt nf thm raproducibla 
AtpnriiTkr*rstrX, 
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inhibitor! dusopropylfluorophosphonatc (DFP) or pvridosutrnirie. 
Tn all cases, AChE mRNA levels were markedly increased, wbcrcai 
the level* of ChATand VAChTmRNAs were reduced (Fig. la). These 
changes in gene expression lagged behind the inc route in c-Fus levels 
by 20 mm {Pig. la, and data not ihown). consistent willi the idea 
thai c-Koi may activate or uippren cholinergic gene expression. The 
levels of mkNAs encoding jyruptophynin, rhe i.-rype Ca 1 * channel 
or glyccreldchyde phosphodehydrogeruw remained unchanged 
(Fig. la, and data not shown). These results indicate that acute 
cholinergic itimuluuun prumutes selective bidirectional changes in 
the expression of genes regulating acetylcholine metabolism, The 
combined effects of these changes should reduce the bioavailability 
or acetylcholine through suppressed synlhcsu/paduging and 
enhanced hydrolysis, ll has been reported that transient increases 
and delayed reductions in acetylcholine levels accompany sliW. As 
modulated gene expression occurs in vitro, independently of the 
pituirajy-adrenocnnical axis, tool mechanisms in- the Central 
nervous system are apparently enough to mediate this response. 

Delayed reduction in acetylcholine levels after c-Fo* induction 
predicts a secondary phase of suppressed neuronal excitability 
following both slim and AChE inhibition. To determine whether 
acetylcholinesterase inhibitor* mediate both acute and delayed 
phases of cholinergic activity, we recorded extracellular potentials 
in the cell-body layer of rhe CA1 region of hippocampul slices; these 
potential* were evoked by orthodromic stimulation of lheCA2/CA3 
region of the rtratum orieru enriched with cholinergic fibers". 
Exposure to various AChF. inhibitors prompted, within lh. 
Increased population spike amplitude, rate nt' rise, and duration 
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of paired-pulse facilitation under seveol stimulus intensities 
(t4g. lb). When we extended AChE inhibition to 3 h. the augmented . 
synaptic response and the population spikes were sigmfitaiilly ' 
muted, approaching responses seen under control coiulii* ink 
(Fig. 2a, b). These resulu show that AOT, inhibitors mediate a 
transient, early phase of enhanced excitability that is followed tr .i 
delayed phawr vf >upprcs*cd neuronal activity. I he non-hydroiysahk' 
acetylcholine analogue carbamylcliuline promoted a similar snd • 
doM-dependent increase in amplitude ttnd rate of rise of evoked j 
population spikes (Fig, 2c). We could reverstbly block both phases \ 
of inhibitor-mediated responses by adding rhr muscarinic anta^o ! 
nist atropine to the perfusion solution during the tarty phirsr 
(Fig. 2d). This indicates that the late phase of depressed activity 
represents t delayed response to a prtviinis pha*e of acute rrmsorinic 
stimulation. , 
The c-/w gene includes a Ca 1 ' -responsive element and elevated j 
c-Fos levels are a marker of neuronal hyptrexchation 11 . Wr there- , 
fare proposed that ueuivnal activity and/or intracellular tccumu- | 
lation of calcium play a rote in translating the transient phase of 1 
cholinergic hyperactivattan Into changes in gene expression. The' 
intracellular calcium chelator I,2-bU-(2-9minophenoxy)ethane- 
iV^V^/Jsr-tetraacetic acid tefrj<»cern*yrnethyl)rst<t {BAPTA 
AM) prevented enhanced paired-pulse facilitation in response to . 
physottigminc (Fig. 3a), and both BAFTA-AM and the sodium- I 
channel blocker tctrodotoxin (TTX) attenuated the change* in ! 
c Fos and ChATatRNA levels that arc mediated by AChE inhibition [ 
(Fig. 3b). Our result* uulicule that intense cholinergic activation 1 
initiates a calcium- and neuroual-atliviiy-depcndcnt feedback 
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Hour* 2. Delayed suppression of n« ftypenweitaaon evoked by ACME tnttbtnon. 
*, Enhancement of palred-putee lacHttotlon Is transient Tn« Rgur* snows the ftrtt 
und avwnd evoked potentiate (V\ V,) separated oy • 500-mt '«*arval or v>» 
ittefenc© (V, - V,i ul n^LTVub SO, 100 «t 500 ma "or htppocampal sfc«a under 
control conrttions f»h)fv taSonwri 1 v 3 h of pci tuetx i wVt^vuiftwntuatACliE 
. ■nhibsw phy»mc»igm.rw [pnyen. 10»M) h. Udsyn) tupitaswiii ul intranatal 
poouiition spike amrJ'tudiM. Avnragit I* r.H ) mfcwive ampUudci* |WV„J u 
evoked populatiofl spike* under control ermrtitieww (open eircieeL of foaowmn t 
Of 3 h o* contnuous perfusion of 10 rM pnyaoatigrnina (phyno) (grwy tr«ngtaH nr 
fliieo squares, Fespactmfy), an shown. v w , for control i* iWmV* HhmA. c, 
Cameenot itoeasea population so** ampiitwJe*. The tteciroo-lyaiolooy it « in 
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Mifft 10 t*M CCh (rrpni). A IncreMOd poputatian aotot am nwdUtna by triMsw^ 
i<c roccptor acdvatkia FteiuH art shown from I h aftor coperfuaion or pnyno 
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/t»mA 



374 



N^wvOHaonltan Mature Ltd tNI 



KAtXrW' VOL W. I* MAY l«M 



letters to nature 



pathway that work* to suppress cholinergic neurotransmission 
through modulation ai pmtein xymheiis. 

AChE activity in the neocortex and hippocampus, but nor 
cerebellum, of animalj exposed to a iingk stress teuton increased 
by two- to threefold within 50 min after ureas and conical activity 
remained wgnificuntly higher than that in control mice for over rJOh 
(Fig. *; P< 0.05. iwy-Utilcd Student's t-tcst). The phyriological 
relevance of this elevated brain ACh£ activity wai accn u rciUtrocc 
to an antichGlutesterase-ttfduved drop in body temperature follow* 
ing stress. Intraperitoneal injection of pyrklusUgmuw (0.2 mglut"*) 
induced a 0.9 r <U "C reduction in rectal temperature wilhiit 
.^0 min in tonrrol mice (m = 5); no *uch drop was teen in mite 
luhjected to forced swimming 24 h before injection of pyrido- 
stigmine (O.OrOJt:. n-S, P<6M% rwo-iatled Student's 
r-icst}. 'litis observation indicate! occlusion of the Inhibitor effect 
by the effects of itrcjj. and strengthens the contention that itrtu 
and tliolinergk activation act on the brain through a common 
pathway involving elevated level* uf syuaptii; atetyicholuie. 

Non-denaturing polyuerylamide gel elettropliorews revealed 
new, quickly migrating AChE fbrm(s) in the brains of stressed 
mice (Fig. 4, inter). The pattern of gel migration corresponded 
dosery with that of secreted, monomertc recombinant read- through 
AOF, produced in Xenoput oocytes (Fig. 4 inset)". Although a 
minor mRNA specie* encoding read- through AChE was previously 
detected in brain and in several ntmotir cell lines 0 , its protein 
product hai never been unequivocally idenrintd in viva. Fallowing 
both nrta and exposure to AChE inhibitors, a pronounced tncrejyu 
was observed in levels of this unspliccd mRNA species in which 
pseudo-mlron 4 is retained in the mature transcript (Fig. 5«). In 
contrast, no changes were mxii in either trie transcript containing 
the alternative 3' exon 6 and encoding the dominant synaptic form 
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Fig*** » P»iyoiu(mii(.-jt ut»i bww^uunul ruspunwa both depend on intra- 
fioaVwrV* .iccuiTiulaion and Na* »illu« •.CJtauin dictutut pitroits wrfwixai 
rr.*nm. Paw^o-paee tmttMian was mcaflurcd an in Hp, 2 m hippucutnuul b!»xs 
undftf eimlmt nannmm* (open wwnflfcwl 1 h attar the audition ol prtyou- 
Migminn (prtyn. html nnimws) nr 1 h after treatment with 1 *M ifwaoottnrnnc ■„ 
tna 3"t«ene* or rr* infraenikjlM' Or" rJwintor HAPTA-AM (1 rMod trvnntei} 
BAPTAAM wont had no enact on p*««d-puha lactittaimn (darn nrt srmwn) 
n. Suppression O Bit tnvucnpOonat reaporua. rfoe and CMT mfllMAi Ire-n 
conra iticat. or Vom t^cn troartd lor th with 1 mM pyrlooaaamlfw(Pyrjator»a 
or 1 mM Pyt vUti aithn BAPTA-AM fl uM) or th« Na'-cnann«t-t>trxk«r (nrodc 
tr«iA ( 1 1 X, r »Mt wutu PCR wtipM wd □> in Fig. i a. 



of the enzyme, or in the transcript carrying alternative excn S and 
encoding the haematopoietic form of AChE (Fig. Sa). Thus, acutr - 
neuronal excitation mediated not only enhanced transcription, but 
also modified alternative splicing from the AChE gene, leading to de 
nova in/nthesU of the unique read -through AChP. tsnrorm. 

In situ hybridi2atit>n revealed low levels nf read-ihmugh A('hF. | 
mltNA in neuronal somata of cortical layers 2 and 5 ot' control mice. E 
In contrast, both somira and apical dendrites of neurons from ail ! 
cortical layers were intensely labelled for AlIhE mRNA following - 
cxpvsurc w pyhdostiRminc (Fig. 5b). However, an cxon-6-spednc 
probe revealed similar levels of cwn 6 AChE mICNA in somata of , 
neuruns in layers 2 and & uf the parietal cortex of both control and 
inhibitor treated mke (Fig. 5b, and dau nut shuwn). As otherwise 
twu-ACbE- expressing ceils began producing large amounts of a 
secreuWe. non-syruptk fomi of AChE after acute cholinergii 
stimulation, non-chrdtnergtc, non-catalylie activities could be 
attributed to read-through AChE in modulating king- term neuro- 
nal reorganization following cholinergic intuits 1 **". This idea is 
consistent with reported homologies between AChE and a growing 
family of neuronal proteins involved in ccll-cdl interactions that 
include cytoplasmic domains capable of transducim* signals'*. 

Our results indicate thai modulated cholinergic Rene expression 
acts to reduce available acetylcholine and depress cholinergic 
neurotransmission following stress. Tliis muleculttr compensation 
would play a crucial role in short term quietening of brain activity 
following a traumatic experience, but could have potentially 
damaging long-term implicario'na. We previously reported that 
prolonged overexpreision of AChE in the central nervom system 
of transgenic mice promotes delayed cognitive and neuroanatomi- 
cal pathologies""*". Our present resulti therefore indicate a 
cununuii mechanism for the delayed neuropiychiathc pathologies 



,ctt ha f * «ti *Jtr 
rHi rM C a; , afi ,, 




HjW 9»(,-J» lirtiu CO 

R«ur* 4 Long-ww crtaogts In AChC acwrt/ fo«o*og avafti. Awtgi ACnC 
•cjvrttj [per cent of oontror) are shown <n extracts or caw (con), cefebeld-n 
[ce-i. or hip p ocampua (htrjpj horn a tout ot M «nim«ts k«ed « tnt rwd limes 
uhur tuctsd Bwmwning. Spucitic activity (KCPk) in urttrsgtod cunagla 
103; 120, 1.05 : and 251 * O Xtrvngl uuUAmtd fiydrutywrd pvr nwi p«r 
iru liarxw (or u>lux. titwjQcu»riWJ-j vtda»Lix:h«n, ii^ipu<3A^.ltuwl»rvw«aiHt 
»oa imcnattva axtert AUtb ocinre/und divunntun it* Htwuupho**- is h«a«> 
liencirv ioro1pfC«Sn«c»>t>ac5dlrom axioi o» frscv ^*cx! ult)K;tvAxlyw«l 
(Wfllimnw wi»wcwliifjt;i < yyjir^o7(?0 > .)p»)rt.Tni;,1 WMW)>n7<*t •Kf+ijK.i'OtJ'* >y 
polyacrrlamrda gala: catadyticalV ariiwt AHhF wm utamri ftmirirJwnwjUfy « 
Racombinant ruman axon 6/ACnE jrES) and nMd-ttwnugh Af^hF (miiMnmnon 
Inron 4, rt4) produced In Xtnopus oocytsa (</6 oocyiaa per lana) a*rvad aa 
knw*i comriatai. C control. 
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AChE cDNA Control Simw A-AC.hF 
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b Control a-AChE ConUg: a-ACJ»E 




Rfjura ■ RHot1m» inriuctw 0» reW-trwxifjh ACht mHNA (uhmintj uUl-ob ufid 
AChF inhrthm tinrtw fc*ow-u{i (rf Hf-W^H Accumjlottxl HCK puduuta wu 
dar'Md torn »Rwn«t/v*» AOiF mRNA* imam control, e>r«;u and anfrACh): 
l**Oi£l condiwn*. Pe«**VW ot primw pair* Apndre tnr thn ntafl-ewiugn 
Onuon *, Wl synMfc (von 5. CG) and aryffiroeyta {**ar\ G. E&) ACME mRNA 
tubtypfls«r»fhownonihttteft Cndpoiru products from a raacDon using ma M- 



juctitK: prirm.1 pmt f UB1 to -U (7i) *»rt dttenad by hybnoizaiion vwth & 
ruUiuiubullcd rttMiMd uiutw. b. tn *(u hybfkSiMKjn. Cortical layers I -i | os* 
rnar^hcstion, left) and "ttuca-inutM: uy'uinidut rwurym hum conies' layer 2 
(raofl rnagraravttinn, riQrn) jn M%m*< l*Jw<: v*i laV* in una uatxnuw to 
pyrklosrigrrrM (*ACh£, Jmgkg''). RmtM hWtwpl mn^ncd G-ifWcu dwHtu* 
mot aOownJ. 



ajiocUttd with 1'1'SL) sod those associated with inttchcliaestensei. 
Feedback pithwiyi leading to raised ACM may alio be associated 
with tow-lcvd expo jure to common anticboUncslerasc drugs and 
insecticides. Moreover, our discovery of anticholinesterase- 
proofed feedback luettiaimtm m»y help to explain the limited 
efficacy of cholioesterase inhibitors la treating Alilietmfrj 
diicaie 11 -* 1 ind the delayed oeurocognitive disturbance* reported 
by anldier* eapnsed in pyridostigmine or other anticholinesteraies 
during the Chdf War"* (J 



Animal cue tad experimental protocols wrre carried qui m juicnrdarcr with 
{otrkudonal pdddifto. 

Forced swim itmi protocol. Thii protocol w*j idipicd for u»e in adult rVB/ 
N mice u described*. Animals were subjected ic two 4-mln iwim session* in a 
water bath o/60X 60cm « II ± I *C 

Sagittal hlppocampal bratn attc**, llw slim wtxt prrpuni imJ 
mainuMwtl w dm. fiord", ruept thai the tuntvntratiufl irf KQ «u 10 mM 
fat mnlecubr etptrifacM* tni 5mM for t l*ct mi jhy*inlo« ita I rttwd'mjv. 
StntOtm orient fibres were stimulated with a bipolar tungsten electrode. 
Stimulation frtautney <0J IIx In *Q experimeou. RT-PCR demonstrated 
the pretence of stable mRNA for the key genes described for it least t2h. 
Wne*te toMqsaup of AT-PCft This procedure wu performed u daenbti' 
uabg the following tdectm primcf pair*. Numbers indicate nucleotide 
potttiMii to the Cencbank cDNA lequeitces. For the AQvE gene, nudeotidei 
+>7J to -1,160 wen used to detect a rcpoa common to all AChE mRNA 
subtrpes; nucleotidrs +1,361 to 1,194 (nron 6) weft uted in detect mHNA 
encoding fyntptir AChe;and nudeoeidn +1, Ml toemnSf 175] (incron 4/ 
ewnMwnrtarduiifrnrnutaMV law (Mir (by) prtxliAi TrurTi tr«d ihnmth 
AOlF. mRNA and ■ '33 bp product frvm n»RNA «ncoding th« tr^thrtairir- 
linlttil form of lk> rmymr. For CrtATmltNA, nuLlmtklcs -M3 tn -hVi mk 
uardj fr* t-Fm mRNA. nudentidci + 1,604 to -1.306 were uxd; and for 
ivtuptitphyiui mRKA, nucleolidet +2 1 J tn -AM wue lurd. 
At airu hybridbetloa. /« dh> hrbridiiicicM] was performed In 5 itm-tfaick 
paraftn-embedded conical dices with 50-mcr J' -biorinriitcd. 2-Omctirr)- 
prMcaed cctmpkmeruarr UNA prober 1 ' beglnaiai at tatron U position 74 or 
E/ pmtnon 1,393 of the mouse AChE gene. Probes were dn coed using an 



alkaline phoapbatasdstrrpomdiei conjugate and Fast Red t BochrinftrJ a* a 
uibstrair. Counteestaining of nuclei was with Uiemsa. 
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The NMDA <^mctKy(-u-upftctBU) subcUu of gluUmaU 
recepior 1 a euential for the lyiuptlc pUstklty thought to under- 
lie kerning end memory 1 '* and Cor jynepdc refinement during 
development***. It ii currently believed thai the' NMDA receptor 
(NMDAR) t» a hct crota u Irirocrk channel comprkinf the ublqui- 
totu NR1 subuitic and al leaat one refioaally localized NR2 
auhunit''". Here wc report the characterization of a refulalory 
NMDA 8 tubunit, NR3A (formerly termed NMDAR-L or x-Di 
whkh b exp r«»«d prlmarlh/ during brain der*iopmenr lu> . 
NR3A <o-lmmunopfetlpitates with receptor rubuniu NK1 and 
NRl in ccrcbrocurticBl extract!. In nnglc-channd rccordisgi 
from Xrawpw oocyte*, addition of NBM lo NR1 and NR2 lemdj 
to the oppearance of a imaUer unitary conductance. Genetic 
knockout of NR3A in mke rewlta in enhanced NMDA responeea 
and Increued dendridc apincs in early postnatal txrcbrocortkal 
neuron*. These data auggcrtt that NH3A ta tnvolyed In the dcvel- 
opmrat of tynaptfc dementi by modulating NMDAR activity. 

We irtemptcd to determine whether NK3A it a tubunit of the 
NMDAR (Fig. Ii). Hist, using an inti-NK3A antibody, we defined 
the lubccllular tocaUzation of NH3A in' mouse ccrcbrocorticil 
ntlratU it puttnaUl day b (Pr>). Like NRl, NR3A wu idcctivclr 
fractiortulcd to a prepatxtiun enriched with potUrnaptic densitio 
(Fig. lb). Wr next tested whether other glutamute- receptor fubwtttU 



could be ci)-imrnunoprecipiia(e(i with NBM from ccrehmcartical 
extracn. NRl and KR2B were detected in anti-NRJA immunopre- 
dpiutes, but non-NMOA gluumate receptor subuniu G)uR2, 
(HuK6V7 and dcltal/Z were absent (Kig. Ic. lane 3). These rctutu 
suggest that NK3A is associated with NMIMK subumtj in brain 
extracts, althuugh they do nut constitute dinxt evidence truat NR3A 
b part of the NMDAR. than net. 

We performed single channel t«nrdlngs from outside -out 
patch*! from Xatoput oocytes injected with NRI/NR2A (n = 9} 
or NRI/NR2AVNRJA (it it; rig. 2). Our previous work had 
shown that expression of NR3A with NRl and NR2 attenuated 
NMDA-evokeri reioxiniiu under rwo-clccTrndc x-oiuge damp'" 1 *. In 
our .Mnglc -channel recordings, the presence of NR3A resulted in the 
appearance of a smaller (injury conductance (in 20 of 24 patches; 
rig. 2b, d), in addition to the larger conductance .previously 
observed for NKI/NK2A hctcromcn (Fig. 2a)'\ Rccoidings were 
performed in low extracellular Ca 1 * tu nuiurnuc subcunduc- 
tance Hate*. AL ■ SO mV (he lanjei state had a conductance of 
75 T. 2.6 pS vid the smaller 35 * 3.4 pS (mean T s.d. from ampli 
rude histograms). Channels were analysed as described". As the 
amount of injected NRJA cRNA was increased (ratio of 




am>a kanate 




F)gtir« 1 BttKhmTiKsl ctwouctMiartwn (J NR3A. a, Akgmnut-I u> tiunU.tk ul tin' 
gluUx nulw iLu^iLK outu tutinlv teood on umino-3od scqucrtoo hornotaiw 
Progressive paMwau utynmurit ul aoquuricca** txtal fluj WLtU** CMff"" ^ 
tho UCCi dCiHwi'o cocksno lor tequance aralysei Phw macotoncat datatnra- 
i<rerjauburto(&eere4 it torturKaortoc<sut > ur»isonwtmnl\WA)are 
undw Itwt nSgnmnr*. nna mm*nm wM w<M gmeViQA b*Md no tmwmrm 
aimiaritiea. The lunctenal ioantincation of NfUA aa an NMOAA twoune anaruu 
tr«a eorretaacn. b. SiAcelar localkuilon of NR3A Protein (23 wg] was eppfceo to 
each tanaof 6% GOO-OjCL Mid ">mmurcUoiarig wwas oetormed inwtg antibodies 
against NR3A NRl and (he rjretynactic protein SVC. The '•Otat mpmorant' 
(racoon contained rnernbran* cutvina hom jtvrapaes. witduptianic «iciA*n 
und Oui> iwtwiriua PSO, vosavrwki itone4y lf**on I valid** ot cui 
trocoDnation woo oo»nrmocl by tho diesnoution of the control rjroietna. NH1 end 
SV? c 0>-immirnrxxscqMahon of NRl nnd NnVfl with NRl A trom PA ttmn 
nrnncu. I am t, NRaA*** ectract: 2. wikHypa extracr. 3. WnmurvprecipeM pPJ 
witt NR3A nmibody tmm MiH-ryrM ■xtrnrr. a, IP wifh ruhh* nnii-mou)w Igd 
antemrty tmm wiKS^ype aatraci; Md fx, IP ywfft NR3A anatoody ham NR.1A"*" 
Mtraa Protein (2S ^g: lanaa t, 2) and IP from yutM irvtiaiV conuMng 2GQ^g 
protein (lanea 3-&) wera subjeaed 10 irrurunoWoatng *in the antibodiM shown 
on the rght. Control exparimenta (lanes 4. 3) vaedstsd in* spee-rlcity ot ton tne 
ImrnunaprectpitatJon pioeaaure and trta ntqa antibocy. 



KATUat|VOl. w |n may mi 



377 



J Mol Med (2000) 78:228-236 

Digital Object Identifier (DOI) 1 0. 1 007/sOO 1 090000 1 04 



EXHIBIT D 



ORIGINAL ARTICLE 



E. Shohami • D. Kaufer • Y. Chen • S. Seidman 
O. Cohen • D. Ginzberg • N. Melamed-Book 
R. Yirmiya • H. Soreq 

Antisense prevention of neuronal damages following 
head injury in mice 

Received: 24 January 2000 / Accepted: 3 April 2000 / Published online: 17 May 2000 
© Springer- Verlag 2000 




Esther Shohami 
received her Ph.D. in physiol- 
ogy from the Hebrew Univer- 
sity of Jerusalem, Israel. She is 
presently Associate Professor 
of Pharmacology, Head of the 
Pharmacology Teaching Unit 
in the Faculty of Medicine, 
and member in the Betz Cen- 
ter for Injury Prevention at the 
Hebrew University of Jerusa- 
lem. Her research interests in- 
clude mechanisms of brain 
damage and potential repair in 
traumatic brain injury, using in 
vivo and in vitro model sys- 
tems. Special emphasis is giv- 
en to inflammatory mediators 
such as cytokines and reactive 
oxygen specials. 




Hermona Soreq 
received her Ph.D. in bio- 
chemistry from the Weizmann 
Institute of Science in 
Rehovot, Israel. She is pres- 
ently Professor of Molecular 
Biology and Head of the 
Eric Roland Center for Neuro- 
degenerative Diseases at the 
Hebrew University of Jerusa- 
lem. Her research interests in- 
clude transgenic and antisense 
approaches for studying stress 
insults, with special emphasis 
on the multifaceted involve- 
ment of acetylcholinesterase in 
stress responses. 



Abstract Closed head injury (CHI) is an important cause 
of death among young adults and a prominent risk factor 
for nonfamilial Alzheimer's disease. Emergency interven- 
tion following CHI should therefore strive to improve sur- 
vival, promote recovery, and prevent delayed neuropathol- 
ogies. We employed high-resolution nonradioactive in situ 
hybridization to determine whether a single intracerebro- 
ventricular injection of 500 ng 2'-0-methyl RNA-capped 
antisense oligonucleotide (AS-ODN) against acetylcholin- 
esterase (AChE) mRNA blocks overexpression of the 
stress-related readthrough AChE (AChE-R) mRNA splic- 
ing variant in head-injured mice. Silver-based Golgi stain- 
ing revealed pronounced dendrite outgrowth in somato- 
sensory cortex of traumatized mice 14 days postinjury that 
was associated with sites of AChE-R mRNA overexpres- 
sion and suppressed by anti-AChE AS-ODNs. Further- 
more, antisense treatment reduced the number of dead 
CA3 hippocampal neurons in injured mice, and facilitated 
neurological recovery as determined by performance in 
tests of neuromotor coordination. In trauma-sensitive 
transgenic mice overproducing AChE, antisense treatment 
reduced mortality from 50% to 20%, similar to that dis- 
played by head-injured control mice. These findings dem- 
onstrate the potential of antisense therapeutics in treating 
acute injury, and suggest antisense prevention of AChE-R 
overproduction to mitigate the detrimental consequences 
of various traumatic brain insults. 
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Introduction 

Head trauma is an important cause of death among 
young adults [1, 2] and among the most significant risk 
factors known for nonfamilial Alzheimer's disease [3]. 
Emergency intervention in head injury must therefore 
consider not only short-term survival and recovery but 
also potential delayed neurological disorders. Robust 
production of stress hormones, transcription factors, 
cytokines, and neurotrophic factors have all been report- 
ed to occur in the injured brain [4, 5, 6]. Recently we 
demonstrated rapid and persistent overexpression of 
AChE-R in brain following acute psychological and 
chemical stressors associated with cholinergic excitation 
[7]. These observations suggested a role for AChE-R in 
stress responses accompanying various traumatic insults 
to the central nervous system [8]. Since the early post- 
CHI response phase includes a burst of released acetyl- 
choline [9], we considered whether AChE-R acts as a 
stress response element following head injury. While 
acute stress responses likely promote survival, it has 
been argued that prolonged activation of stress-related 
genes initiates cascades of events with pleiotrophic and 
potentially deleterious effects [10]. Transgenic mice 
overexpressing human "synaptic" AChE-S in central 
cholinergic neurons exhibit delayed impairments in 
learning and memory [11] reminiscent of neuropatholo- 
gies associated with posttraumatic stress disorder and an- 
ticholinesterase intoxication [8]. In this context, trauma- 
induced AChE-R might represent a candidate molecule 
contributing to the tight correlation between head injury 
and accelerated neurodeterioration. 

Antisense oligonucleotides (AS-ODNs) eliciting se- 
lective destruction of specific messenger. RNAs are ide- 
ally suited to the need for targeted downregulation of 
overexpressed proteins [12]. AS-ODNs are short, syn- 
thetic strands of DNA designed to hybridize with a spe- 
cific target messenger RNA based on the rules of com- 
plementary Watson-Crick base pairing. Upon hybridiza- 
tion with AS-ODN, duplexed RNA becomes susceptible 
to RNase-mediated nucleolytic degradation, effectively 
blocking de novo synthesis of the unwanted protein. 
AS-ODNs have been used with remarkable success to 
modulate nervous system gene expression in the labora- 
tory [13]. Nevertheless, restricted transport of oligonu- 
cleotides across the blood-brain barrier still poses a 
formidable obstacle to the application of antisense ther- 
apeutics to clinical neurology [14]. Here, we have 
used direct intracerebroventricular injections to deliver 
AS-ODNs to the injured brain, effectively suppressing 
stress-induced overexpression of AChE-R and improv- 
ing the outcome of CHI. 



Materials and methods 

Closed head injury 

Adult mice were anesthetized with ether to loss of pupillary and 
corneal reflexes. Closed head injury (CHI) was as described [15], 



in accordance with NIH guidelines for the use and care of labora- 
tory animals and following approval by the Animal Care Commit- 
tee of the Hebrew University of Jerusalem. Neurological function- 
ing attesting to the severity of the injury was determined 1 h post- 
trauma, by recording of successful trials of crossing a 2- or 3-cm 
wide beam. 



Antisense oligonucleotides 

AS3 is a 20-mer oligodeoxynucleotide (5'-CTGCAATATTTTCT- 
TGCACC-3') complementary to a sequence in exon E2 of mouse 
AChEmRNA. ASB (5'-G ACTTTGCTATGCAT3') is targeted to 
mRNA encoding mouse butyrylcholinesterase. In both cases, the 
last three 3' nucleotides were replaced with 2*-0-methyl ribonu- 
cleotide analogs. Oligonucleotides were synthesized, purified by 
high-pressure liquid chromatography and tested for purity by mass 
spectrometry at Hybridon (Rochester, N.Y., USA). 



Golgi staining 

Brains were fixed in 34 mM (1%) cobalt nitrate (18 h, room tem- 
perature), impregnated in 117 mM (2%) silver nitrate (24—48 h, 
room temperature) and processed in fresh Ramon y Cajal's devel- 
oper. Paraffin sections were toned in 5 mM (0.2%) gold chloride, 
washed and counterstained with 2 mM alum carmine. 



Results 

To test whether AChE-R overproduction takes place un- 
der exposure to physical stress we exposed adult FVB/N 
mice to unilateral CHI [15] and used in situ hybridiza- 
tion to label AChE-R mRNA in brain sections. Consis- 
tent with previous findings, AChE-R mRNA was low in 
brains of uninjured mice ([7] and data not shown). In 
traumatized mice, however, intense labeling was ob- 
served in the contused hemisphere 14 days postinjury, 
especially close to the site of injury (Fig. la). Less prom- 
inent labeling was also evident in the contralateral hemi- 
sphere (Fig. lb). Using a, probe specific for AChE-S 
mRNA, we could not detect differences in the levels of 
this message between the injured and noninjured hemi- 
spheres (data not shown). To study the implications of 
AChE-R mRNA upregulation on the outcome of CHI, 
we employed AS-ODNs to selectively suppress postinju- 
ry AChE-R mRNA overproduction. 

In cultured Saos-2 and PC 12 cells low doses of AS3, 
a partially 2'-0-methyl-RNA modified antisense oligo- 
nucleotide targeted to the common domain in AChE 
mRNA, efficiently and selectively reduced AChE-R, but 
not AChE-S, mRNA levels ([16] and data not shown). 
Following CHI, a single intracerebroventricular injection 
of as little as 0.5 ug AS3 (70 pmol in a total volume of 
10 ul) 1 h postinjury significantly prevented AChE-R 
mRNA accumulation in both brain hemispheres of in- 
jured mice (Fig. 1c, d). Treated mice displayed no signs 
of acute cholinergic hypofunction, suggesting that 
AChE-S levels were not significantly reduced. Confocal 
microscopy (Fig. 1 e-h) revealed four- to fivefold in- 
creased AChE-R mRNA labeling in both somata and 
apical dendrites of individual somatosensory cortical 
neurons in the contused versus contralateral hemisphere 
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Fig. la-j Antisense oligonucleotides suppress trauma-induced ac- 
cumulation of readthrough AChE-R rnRNA in mouse brain. Male 
adult FVB/N mice were subjected to controlled closed head injury 
(left side of the head), injected after 1 h into the left ventricle with 
either saline or 500 ng of the partially 2-O-methyl-protected 20- 
mer AS-ODN AS3 and killed 14 days later. In situ hybridization 
was performed on 5-um paraffin-embedded brain sections using a 
50-mer biotinylated 2'-0-methyl cRNA probe targeted to intron 14 
in mouse AChE-R mRNA. Staining was with Fast Red (Molecular 
Probes), a-d Brightfield digital photomicroscopy images of corti- 
cal layers I-IV from injured (a, c) and contralateral (b, d) hemi- 
spheres. Red staining marks sites of AChE-R mRNA accumula- 
tion. Note the intense staining of cortical neurons on the injured 
vs. contralateral side of the brain and the pronounced bilateral re- 
duction in staining following a single unilateral injection of AS3. 
e-h Shown are representative confocal images of neurons from 
somatosensory cortex. Note the massive accumulation of AChE-R 
mRNA in both somata and apical dendrites (white arrows). AS3 
dramatically suppressed the accumulation of AChE-R mRNA in 
neurons from both the injured (e vs. g) and contralateral (f vs. h) 
hemispheres and in both subcellular compartments, ij Densito- 
metry analysis was performed on confocal images of cortical neu- 
rons as depicted in e-h. i Columns Total number and standard de- 
viation of pixels/cell for 10-20 neurons in each group (left) or the 
percentage of total pixels detected within dendrites (right) for the 
injured and contralateral hemispheres of mice injected with saline 
or AS3. Note the disproportionately high levels of AChE-R 
mRNA-specific fluorescence in neurons from the injured as com- 
pared to contralateral hemisphere, and the four- to sixfold reduced 
levels of staining in animals treated with AS3. The relative frac- 
tion of AChE-R mRNA appearing in dendrites was unmodified by 
antisense intervention (j) 



Fig. 2a-j Head trauma elicits pronounced bilateral accumulation 
of endogenous AChE-R mRNA in AChE transgenic mice. Experi- 
mental details were as in Fig. 1 except that saline was replaced 
with an irrelevant oligonucleotide, ASB (see "Materials and meth- 
ods"), as control. Note that transgenic mice, as opposed to control 
FVB/N mice display prominent overexpression of AChE-R 
mRNA in both the injured and noninjured brain hemispheres fol- 
lowing head injury, a-d Brightfield microscopy. In brains from 
traumatized AChE transgenic mice with preexisting AChE excess- 
es, similarly intense red hybridization signals were observed in 
cell bodies and dendrites of neurons from both the injured and 
contralateral hemispheres. AS3 effectively suppressed AChE-R 
mRNA expression in both hemispheres, e— h Confocal microscopy 
as in Fig. li-j. Densitometry analysis as in Fig. 1, note the more 
intense staining and higher dendrite localization of AChE-R 
mRNA in the contralateral hemisphere of transgenics as compared 
to FVB/N mice 

(quantified in Fig. li). AS3 treatment conspicuously sup- 
pressed neuronal labeling in both subcellular compart- 
ments with approximately equal efficiency (Fig. lj). 
Thus, CHI induced a persistent, at least 2-weeks-long 
overexpression of AChE-R mRNA in mouse brain, that 
was observed predominantly in the injured hemisphere. 
Moreover, AChE-R expression was prominently relieved 
by a single postinjury injection of an AS-ODN directed 
to a common exon in AChE mRNA. 

To explore the molecular and cellular effects of prein- 
jury AChE accumulation we traumatized transgenic mice 
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expressing up to twofold excesses of AChE-S in cholin- 
ergic CNS neurons. Following CHI, transgenic mice 
were injected with either AS3 or an antisense oligonucle- 
otide targeted to mRNA encoding the nonrelevant, ho- 
mologous butyrylcholinesterase (ASB; see above and 
[16]). Following in situ hybridization with an AChE-R 
mRNA specific probe, intense hybridization signals were 
observed in cortical neurons from both the injured and 
contralateral hemispheres of transgenic mice treated with 
the irrelevant oligonucleotide (Fig. 2a, b). In contrast, a 
single injection of AS3, effectively blocked AChE-R 
mRNA accumulation in both hemispheres (Fig. 2c, d). 
Confocal analysis demonstrated two- to fourfold in- 
creased levels of AChE-R mRNA in cells from either 
hemisphere of transgenic as compared with control mice 
(Fig. 2e-h). AS3 treatment reduced AChE-R mRNA to 
similarly low levels in both FVB/N and transgenics with- 
out affecting its subcellular distribution (Fig. 2i, j). 

To test the effects of these AS-ODNs in noninjured 
transgenic mice we implanted 2-mm cannulae into the 
lateral ventricle. Ten days postimplantation we infused 
25 ng ODN in a total volume of 1 ul twice at 24 h inter- 
vals. Mice were killed 24 h after the second injection and 
cortical homogenates prepared. An affinity-purified anti- 
body raised against a recombinant fusion protein of glu- 
tathione transferase and the acetylcholinesterase read- 
through peptide (ARP), selective for AChE-R (Fig. 3a) 
labeled a ladder of bands in denaturing gels run with 
these homogenates. Based on densitometry of the six 
most prominent bands, we calculated that animals treated 
with ASB exhibited elevated levels (approximately 40% 
above naive mice) of immunore active polypeptides, es- 
pecially the more rapidly migrating ones that likely re- 
flect degradation products of AChE-R (Fig. 3b). This in- 
crease in AChE-R immunore activity was attributed to 
the trauma associated with surgical implantation of the 
cannula and was mostly suppressed by AS3 (P<0.01; 
Fig. 3b). Immunolabeling with monoclonal antibodies 
targeted at the core domain failed to show suppression of 
immunoreactive protein by AS3 (data not shown). As 
these latter antibodies recognize both AChE-S and 
AChE-R, this analysis was consistent with the selectivity 
of AS3 effects on AChE-R mRNA. AS3-treated mice 
functioned well in behavioral tests of social recognition 
that are dependent on cholinergic function (data not 
shown), attesting to the integrity of normal cholinergic 
neurotransmission. Thus, the accumulation of AChE-R 
mRNA induced by even "mild" head injury appeared to 
be translated into elevated AChE-R protein levels. More- 
over, AS3 blocked accumulation of both AChE-R 
mRNA and protein following trauma without promoting 
deleterious cognitive side effects in nonimpaired ani- 
mals. 

Regulated neurite outgrowth is likely an important 
component in short-term recovery from brain injury [17], 
but excessive neuronal sprouting following injury might 
be harmful and could promote posttraumatic epilepsy 
[18]. Since recent evidence attributes noncatalytic, neu- 
rite growth promoting activities to AChE [19], we con- 



Fig. 3A,B AS3 suppresses trauma-induced overproduction of im- 
munoreactive AChE-R protein. A Selective immunodetection of 
the AChE-R protein. To selectively label the AChE-R variant, rab- 
bits were immunized with a recombinant fusion protein of gluta- 
thione transferase (GST) with the 26 amino acid C-terminal pep- 
tide unique to AChE-R (ARP). The resultant antiserum, affinity 
purified to remove anti-GST antibodies, selectively labeled re- 
combinant (r) AChE-R produced in transfected Cos cells 
(66-67 K d ) and an apparent AChE-R degradation product (approx. 
30 but not purified rAChE-S (Sigma, St. Louis, Mo., USA) in 
immunoblot analysis. B AS3 suppresses AChE-R labeling. Corti- 
cal homogenates from AChE transgenic mice injected icv with ei- 
ther AS3 or ASB on two consecutive days were subjected to sodi- 
um dodecyl sulfate polyacrylamide gel electrophoresis on a 
4-20% reducing gel and probed with anti-ARP antiserum. Shown 
are the corresponding chemiluminescence-labeled lanes as insets 
within a bar graph representing the summation of densitometric 
analyses of the six most prominent bands in each lane. Inset in 
right-hand corner illustrates the position of the cannula. Columns 
represent mean±SEM for homogenates from six AS3- and four 
ASB-treated mice, respectively. A single representative control, 
untreated, nonoperated animal is shown (naive) 
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Fig. 4A-C Antisense treatment suppresses AChE-R mRNA and 
neurite growth and promotes neuron survival following head trau- 
ma. A Low magnification image of whole brain sections from 
head-injured FVB/N mice subjected to in situ hybridization as in 
Fig. 1A. Note that AChE-R mRNA is intensively expressed in the 
injured hemisphere (left), especially in the cortex, close to the site 
of injury (arrows). AS3 significantly suppressed AChE-R mRNA 
accumulation in both hemispheres. B Golgi staining was per- 
formed on brain sections from FVB/N or transgenic (Tg) mice 
subjected to CHI and injected intracerebroventricularly with either 
PBS or AS3. Shown are representative high magnification 
(xlOOO) images from layer IV of somatosensory cortex on the in- 
jured hemisphere 14 days following head injury. Note that AS3 
treatment notably reduced the density of stained neurites in both 
FVB/N and transgenic mice. C Golgi staining performed on brain 
sections depicted in B was semiquantified in sections from unin- 
jured (sham) FVB/N or AChE transgenic (Tg) mice and from mice 
untreated (CHI) or treated, with AS3 (CHI+AS3) following closed 
head injury. Presented are pseudocolor representations of cortical 
sections in which stained neurites appear red. Note the intense 
Golgi staining, representing high neurite density in cortex from 
the injured hemisphere of FVB/N mice and the higher intensity in 
transgenic mice. Red signal was significantly reduced in both 
FVB/N and Tg mice treated with AS3 
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Fig. 5 Live and dead neurons in the CA3 hippocampal region 
were counted in two consecutive sections from four control and 
four transgenic mice 14 days following closed head injury with or 
without antisense treatment. Overt neuronal cell death was identi- 
fied by the presence of pyknotic black cell bodies. For each mouse 
1 50-200 cells were counted. Columns represent the percentage of 
live neurons counted for individual mice. Note the dramatic bilat- 
eral neuron loss suffered by transgenic as compared with FVB/N 
mice and the minimal neuron loss observed among antisense-treat- 
ed animals 



sidered the possibility that overexpressed AChE-R 
and/or its degradation products promote a phase of neu- 
rite outgrowth following CHI. To assess neuritic growth 
we performed quantitative image analysis on 100- 
200 um 2 somatosensory cortical fields in Golgi-stained 
brain sections from mice 14 days posttrauma and 
searched for a correlation between neurite outgrowth and 
elevated AChE-R mRNA levels. Following head injury, 
pronounced increases in AChE-R mRNA labeling were 
colocalized with sites of intensified Golgi staining, espe- 
cially in the somatosensory cortex around the site of in- 
jury, and particularly in transgenic mice (Fig. 4). AS3 
significantly attenuated this increased staining in both 
FVB/N and transgenic mice, suggesting a correlation be- 
tween AChE mRNA overproduction and induced neurite 
growth. 

Excessive reinnervation following injury could sub- 
ject hippocampal cells in the traumatized brain to hyper- 
excitation and glutamate toxicity. Indeed, hippocampal 
neurons, especially in the CA3 domain, are highly sus- 
ceptible to cell death following brain injury [15, 20, 21]. 
Fourteen days following head injury we observed up to 
50% loss of CA3 neurons in the contused hemisphere of 
FVB/N mice. In striking contrast, transgenic mice dis- 
played up to 90% neuron death in CA3 of both hemi- 
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Fig. 6 Anti sense treatment rescues survival and neurological re- 
covery of injured mice. Survival and neurological recovery of 
FVB/N and AChE transgenic mice were monitored following 
CHI. One hour following trauma a neurological evaluation of the 
mice was taken using a graded balancing task of 2- and 3-cm-wide 
beam crossing. Recovery was monitored at various time points 
posttrauma for each mouse. Presented are percentages of surviving 
mice (top) and average percentage successes for surviving mice in 
the beam task (bottom) on the noted days following trauma. Note 
the high mortality and slow recovery of transgenic mice compared 
to controls and the improved outcome following a single AS3 
treatment. Starting n=20-24 mice per group 



spheres. Thus, overproduction of transgenic AChE ap- 
pears to prime hippocampal neurons in CA3. for prema- 
ture death following trauma. AS3 treatment afforded dra- 
matic protection of hippocampal neurons in both control 
and transgenic animals subjected to CHI (Fig. 5). 

The excessive loss of hippocampal neurons in brains 
of traumatized transgenic mice suggested that this strain 
would display a genetic vulnerability to CHI as com- 
pared to the parental FVB/N line. Indeed, young adult 
transgenic mice were considerably more vulnerable to 
unilateral CHI than age and sex-matched controls. Only 
12 of 24 transgenics, as compared with 18 out of 
20 FVB/N mice survived the first 10 days postinjury 
(Fig. 6). The 90% survival rate among FVB/N mice was 
similar to that displayed by other mouse strains subject- 
ed to this trauma protocol [15]. No further mortality was 
observed for the duration of the 30-day follow-up period. 
As overexpression of AChE was correlated with en- 
hanced neurite outgrowth, the high mortality of AChE 
transgenic mice following CHI strengthens the idea that 



hyperinnervation may cause acute toxic effects during a 
phase of recovery lasting from 24 h up to 1 week post- 
trauma. Consistent with this conclusion, AS3 treatment 
retrieved the survival rate of AChE transgenics to 80%, 
comparable to that of FVB/N mice (Fig. 6). 

Increased neuronal vulnerability to trauma implied 
that surviving transgenic mice would present impaired 
neurological recovery. To monitor neurological recovery 
we used a beam test, in which the percentage of mice 
that are capable of crossing 2- and 3-cm-wide beams is 
recorded. Success in this test is indicative of balanced 
and coordinated movement [15]. Although uninjured 
transgenic mice display some neuromotor impairments at 
the age of 4 months [22], transgenic and control mice 
scored very similarly 1 h postinjury (7 and 11%, respec- 
tively), indicating similar severity of trauma. Spontane- 
ous recovery of transgenic survivors lagged significantly 
behind that of control mice throughout the 30 day fol- 
low-up period, especially during the first 10 days (Fig. 6 
and data not shown). However, single dose AS3 treat- 
ment rapidly improved the performance of transgenic 
mice, to that of controls: Starting 7 days postinjury, AS3- 
treated FVB/N and transgenics both displayed improved 
performance as compared to untreated mice, both reach- 
ing ca. 80% of success, in comparison to 50% in the un- 
treated groups (Fig. 6). 



Discussion 

We observed strong and persistent bilateral elevation in 
AChE-R mRNA levels and dramatic bilateral loss of hip- 
pocampal CA3 neurons in brains from AChE transgenic 
mice subjected to CHI. In comparison, trauma-induced 
overexpression of AChE-R and hippocampal ceil loss in 
control FVB/N mice were primarily observed in the in- 
jured as opposed to contralateral hemispheres. Therefore, 
increased mortality among head-injured AChE transgen- 
ic mice and retarded neurological recovery of transgenic 
survivors associate robust, bilateral overexpression of 
AChE-R with poor prognosis following traumatic head 
injury. Despite progressive late-onset cognitive deficits, 
transgenic mice function normally until about 2 months 
of age [23]. This observation attests to the existence of 
compensatory mechanisms designed to overcome acetyl- 
choline deficits imposed by overexpressed AChE ([24] 
and unpublished data). Since AChE-R expression is ele- 
vated by acute cholinergic stimulation [25], the pro- 
nounced bilateral overexpression of AChE-R in injured 
transgenic mice may therefore reflect heightened cholin- 
ergic activation in the noninjured hemisphere of these 
mice. As neurite growth is notably associated with in- 
creases in AChE activity (reviewed under [26]), it is un- 
derstandable how antisense oligonucleotides blocking 
the initial postinjury accumulation of AChE-R could 
spare hippocampal neurons and minimize the morbidity 
of transgenic mice following CHI by reducing excessive 
neurite outgrowth. Prevention of this cascade of events 
also explains how a single, timely, and effective dose of 
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AS-ODN could provide long-lasting protection to the in- 
jured brain. 

Head trauma patients may suffer delayed neurological 
deficits, including increased risk for Alzheimer's dis- 
ease. The noncatalytic capacity of the AChE protein to 
induce (J-amyloid aggregation [27] may be associated 
with this risk. The long-term neurological protection af- 
forded by AS3 treatment thus remains to be tested in ad- 
ditional animal models, for example, mice that develop 
(J-amyloid plaques [28]. Nevertheless, our findings pro- 
vide the first experimental basis for the application of 
antisense technology to acute gene-oriented intervention 
in emergency medicine. In this light, AChE-R mRNA 
emerges as an appropriate target for such intervention 
where severe trauma to the nervous system is involved. 
Under psychological stress, AChE-R mRNA accumula- 
tion is preceded by an induction of c-fos [7]. Recently, 
Morrow and coworkers reported the use of AS-ODNs 
targeted towards c-fos mRNA to suppress central stress 
responses [29]. The higher ODN doses used in that study 
could reflect limited diffusion from the intracortical site 
of injection that was employed. 

The increase in AChE-R and the accumulation of its 
degradation products in noninjured, cannulated transgen- 
ic mice most likely reflect surgery-related stress. Follow- 
ing two daily intracerebroventricular injections of 25 ng 
AS3, AChE-R immunolabeling was decreased to levels 
similar to those in the naive brain and significantly lower 
than that in brains of cannulated mice injected with the 
irrelevant ODN ASB. This experiment therefore pro- 
vides a tentative time frame (48 h or less) for the AS3 ef- 
fects, and demonstrates the potency of this ODN in 
blocking accumulation of AChE-R protein. In this con- 
text, it is important to note that AChE-R mRNA includes 
a 1094 basepair 3' untranslated region (UTR) with high 
(66%) G, C content whereas AChE-S mRNA includes a 
considerably shorter, 219 basepair UTR. A long UTR 
predicts AChE-R mRNA to be more vulnerable to cellu- 
lar nucleolytic degradation than AChE-S mRNA, consis- 
tent with the observation that AChE-R, but not AChE-S, 
mRNA is rapidly degraded in PC 12 cells treated with ac- 
tinomycin D [30], The inherent instability of AChE-R 
mRNA could explain the preferential suppression of 
AChE-R over AChE-S mRNA by AS3 and AS1 [16], 
both of which target exon 2, common to all three alterna- 
tive AChE mRNA splicing variants [3 1]. 

The AChE transcriptional response to stress involves 
modulation of the regular splicing pattern. It is not yet 
known whether the shift towards 3' unspliced read- 
through AChE mRNA represents an active or passive 
process. However, stress-induced changes in alternative 
splicing have also been described for potassium chan- 
nels, where stress hormones favor the splice variant en- 
coding a channel subtype conferring repetitive firing 
characteristics [32]. Similarly, optic nerve injury induces 
altered splicing of the retinal NMDAR1 (NR1) receptor 
mRNA [33]. That active changes in cellular splicing ma- 
chinery take place following stress is indicated by evi- 
dence for hypoxia-induced production of the YT521 



splicing-related protein [34] and heat shock-induced 
splicing arrest [35]. Further studies are required to deter- 
mine the mechanism(s) regulating stress-related changes 
in AChE mRNA splicing. 

Following either stress or head injury, the subcellular 
distribution of AChE-R mRNA is altered, appearing 
also in the proximal domain of dendrites. The somato- 
dendritic localization of this mRNA is not suppressed 
by AS3 and hence does not depend on mRNA content. 
Dendritic targeting of mRNAs encoding brain-derived 
neurotropic factor and TrkB has been reported in hippo- 
campal neurons following activation of glutamate recep- 
tors [36]. These studies indicate the existence of neuro- 
nal activity dependent mechanisms for the subcellular 
distribution of neuronal mRNAs and suggest an associa- 
tion between mRNA redistribution and synaptic plastici- 
ty. The dendritic localization of AChE mRNA strength- 
ens the notion that AChE contributes directly towards 
neurite growth in vivo, and suggests a role for this pro- 
tein in -dendrite abnormalities characteristic of the cog- 
nitively impaired AChE transgenic mice [11] and aged 
humans [8]. 

The prominent protection of hippocampal neurons, as 
well as improved rate of recovery with respect to re- 
gained neuromotor functions in head-injured AS3-treat- 
ed FVB/N and transgenic mice, demonstrates the value 
of suppressing AChE-R levels for long-term recovery in 
terms of neurological functioning, and attributes pro- 
found implications for the potential application of anti- 
sense therapeutics to a clinical setting. That AChE-R 
mRNA accumulates under psychological [7], chemical 
[8], and physical (this report) stressors suggests that this 
transcript represents a general nervous system stress-re- 
sponse element. In view of our current findings, the 
grave consequences of AChE-R accumulation in the 
mammalian brain may extend to a wide range of mala- 
dies, including not only Alzheimer's disease but also 
poststroke depression [37], multiple sclerosis and amyo- 
trophic lateral sclerosis. Moreover, our findings indicate 
a potentially increased risk for CHI victims with preinju- 
ry overexpression of brain AChE (for example, posttrau- 
matic stress patients). 

The side effects of repetitive administration of 
AS-ODNs in the nervous system have not been thor- 
oughly studied, but are not expected to be severe [12, 13, 
14]. Indeed, the recent United States Food and Drug 
Administration approval of the first antisense drug 
(Fomivirisen, ISIS) for treating a viral infection of the 
eye marks a milestone in the long-awaited transition of 
this intriguing technology from the research laboratory 
to the clinic. However, there are outstanding challenges 
in antisense therapeutics. Our current work addresses the 
potential to substantially reduce the dose and toxicity of 
antisense drugs, and demonstrates successful application 
of antisense technology to a cellular, rather than viral or 
oncogenic target. Moreover, they raise the possibility 
that exploiting injury-associated breaches of the blood- 
brain barrier [15, 38] to deliver antisense drugs into the 
brain could place the trauma model in a unique position 
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to advance the goal of clinical antisense therapeutics for 
the nervous system. 

Acknowledgements The authors are indebted to Dr. Aharon S. 
Cohen (Boston) for fruitful discussions. This work was supported 
by grants to H.S. from the United States Army Medical Research 
and Development Command (DAMD 17-99- 1-9547), The Israel 
Science Foundation (590/97), the United States-Israel Binational 
Science Foundation (96-00110), and Ester Neurosciences, Ltd. 
E.S. is affiliated with the David R. Bloom Center for Pharmacy, 
the Hebrew University, Jerusalem. 



References 

1. Mcintosh TK, Juhler M, Wieloch T (1998) Novel pharmaco- 
logic strategies in the treatment of experimental traumatic 
brain injury. J Neurotrauma 15:731-769 

2. Siesjo BK (1993) Basic mechanisms of traumatic brain dam- 
age. Ann Emerg Med 22:959-969 

3. Gennarelli TA, Graham DI (1998) Neuropathology of the head 
injuries. Semin Clin. Neuropsychiatry 3:160-175 

4. Yakovlev AG, Faden AI (1995) Molecular biology of CNS in- 
jury. J Neurotrauma 12:767-777 

5. Roe SY, McGowan EM, Rothwell NJ (1998) Evidence for the 
involvement of corticotrophin-releasing hormone in the 
pathogenesis of traumatic brain injury. Eur J Neurosci 10: 
553-559 

6. Shohami E, Gallily R, Mechoulam R, Bass R, Ben-Hur T 
(1997) Cytokine production in the brain following closed 
head injury: dexanabinol (HU-211) is a novel TNF-alpha in- 
hibitor and an effective neuroprotectant. J Neuroimmunol 
72:169-177 

7. Kaufer D, Friedman A, Seidman S, Soreq H (1998) Acute 
stress facilitates long-lasting changes in cholinergic gene ex- 
pression. Nature 393:373-377 

8. Kaufer D, Friedman A, Soreq H (1999) The vicious circle: 
long-lasting transcriptional modulation of cholinergic neuro- 
transmission following stress and anticholinesterase exposure. 
Neuroscientist 5:173-183 

9. Gorman LK, Fu k, Hovda DA, Becker DP, Katayama Y (1989) 
Analysis of acetylcholine release following concussive brain 
injury in the rat. J Neurotrauma 6:203 

10. Sapolsky RM (1996) Why stress is bad for your brain. Science 
273:749-750 

11. Beeri R, Le Novere N, Mervis R, Huberman T, Grauer E, 
Changeux JP, Soreq H (1997) Enhanced hemicholinium bind- 
ing and attenuated dendrite branching in cognitively impaired 
acetylcholinesterase-transgenic mice. J Neurochem 69:2441- 
2451 

12. Crooke ST (1998) An overview of progress in antisense thera- 
peutics. Antisense Nucleic Acid Drug Dev 8:1 15-122 

13. McCarthy MM (1998) Use of antisense oligonucleotides in the 
central nervous system: why such success? In: Stein CAK, 
Krieg AM (eds) Applied antisense oligonucleotide technology. 
Willey-Liss, New York, pp 283-296 

14. Seidman S, Eckstein F, Grifman M, Soreq H (1999) Antisense 
technologies have a future fighting neurodegenerative diseas- 
es. Antisense Nucleic Acid Drug Dev 9:333-340 

15. Chen Y, Constantini S, Trembovler V, Weinstock M, Shohami 
E (1996) An experimental model of closed head injury in 
mice: pathophysiology, histopathology, and cognitive deficits. 
J Neurotrauma 13:557-568 

16. Grisaru D, Lev-Lehman E, Shapira M, Chaikin E, Lessing JB, 
Eldor A, Eckstein F, Soreq H (1999) Human osteogenesis in- 
volves differentiation-dependent increases in the morphogen- 
ically active 3' alternative splicing variant of acetylcholines- 
terase. Mol Cell Biol 19:788-795 

17. Casceres A, Steward O (1983) Dendritic reorganization in the 
denervated gyrus of the rat following entorhinal cortical le- 



sions: a Golgi and electron microscopic analysis. J Comp Neu- 
rol 214:387^*03 

18. McKinney RA, Debanne D, Gahwiler BH, Thompson SM 
(1997) Lesion-induced axonal sprouting and hyperexcitability 
in the hippocampus in vitro: implications for the genesis of 
posttraumatic epilepsy. Nat Med 3:990-996 

19. Sternfeld M, Ming G, Song H, Sela K, Timberg R, Poo M, 
Soreq H (1998) Acetylcholinesterase enhances neurite growth 
and synapse development through alternative contributions of 
its hydrolytic capacity, core protein, and variable C termini. J 
Neurosci 18:1240-1249 

20. Baldwin SA, Gibson T, Callihan CT, Sullivan PG, Palmer E, 
Scheff SW (1997) Neuronal cell loss in the CA3 subfield of 
the hippocampus following cortical contusion utilizing the op- 
tical disector method for cell counting. J Neurotrauma 14: 
385-398 

21. Tang YP, Noda Y, Hasegawa T, Nabeshima T (1997) A con- 
cussive-like brain injury model in mice. II. Selective neuronal 
loss in the cortex and hippocampus. J Neurotrauma 14:863- 
873 

22. Andres C, Beeri R, Friedman A, Lev-Lehman E, Henis S, 
Timberg R, Shani M, Soreq H (1997) Acetylcholinesterase- 
transgenic mice display embryonic modulations in spinal cord 
choline acetyltransferase and neurexin Ibeta gene expression 
followed by late-onset neuromotor deterioration. Proc Natl 
Acad Sci U S A 94:8173-8178 

23. Beeri R, Andres C, Lev Lehman E, Timberg R, Huberman T, 
Shani M, Soreq H (1995) Transgenic expression of human 
acetylcholinesterase induces progressive cognitive deteriora- 
tion in mice. Curr Biol 5:1063-1071 

24. Perry E, Martin-Ruiz C, Lee M, Griffiths M, Johnson M, 
Piggott M, Haroutunian V, Davis K, Gotti C, Tzartos S, Cohen 
O, Soreq H, Jaros E, Perry R, Court J (2000) Nictotinic recep- 
tor subtypes in human brain ageing and dementia. Eur J Phar- 
macol (in press) 

25. Kaufer D, Friedman A, Seidman S, Soreq H (1998) Acute 
stress facilitates long-lasting changes in cholinergic gene ex- 
pression. Nature 393:373-377 

26. Grisaru D, Sternfeld M, Eldor A, Glick D, Soreq H (1999) 
Structural roles of acetylcholinesterase variants in biology and 
pathology. Eur J Biochem 264:672-686 

27. Inestrosa NC, Alvarez A, Perez CA, Moreno RD, Vicente M, 
Linker C, Casanueva OI, Soto C, Garrido J (1996) Acetylcho- 
linesterase accelerates assembly of amyloid-beta-peptides into 
Alzheimer's fibrils: possible role of the peripheral site of the 
enzyme. Neuron 16:881-891 

28. Schenk D, Barbour R, Dunn W, Gordon G, Grajeda H, Guido 
T, Hu K, Huang J, Johnson- Wood K, Khan K, Kholodenko D, 
Lee M, Liao Z, Lieberburg I, Motter R, Mutter L, Soriano F, 
Shopp G, Vasquez N, Vandevert C, Walker S, Wogulis M, 
Yednock T, Games D, Seubert P (1999) Immunization with 
amyloid-beta attenuates Alzheimer-disease-like pathology in 
the PDAPP mouse. Nature 400:173-177 

29. Morrow BA, Elsworth JD, Inglis FM, Roth RH (1999) An an- 
tisense oligonucleotide reverses the footshock-induced expres- 
sion of fos in the rat medial prefrontal cortex and the subse- 
quent expression of conditioned fear-induced immobility. J 
Neurosci 19:5666-5673 

30. Grifman M, Soreq H (1997) Differentiation intensifies the sus- 
ceptibility of pheochromocytoma cells to antisense oligode- 
oxynucleotide-dependent suppression of acetylcholinesterase 
activity, Antisense Nucleic Acid Drug Dev 7:351-359 

31. Soreq H, Seidman S (2000) Antisense approach to isoform 
specific blockade of acetylcholinesterase. In: Crooke ST (ed) 
Antisense drug technology: principles, strategies, and applica- 
tions. Dekker, New York 

32. Xie J, McCobb DP (1998) Control of alternative splicing of 
potassium channels by stress hormones. Science 280:443- 
446 

33. Kreutz MR, Bockers TM, Bockmann J, Seidenbecher CI, 
Kracht B, Vorwerk CK, Weise J, Sabel BA (1998) Axonal in- 
jury alters alternative splicing of the retinal NR1 receptor: the 



236 



preferential expression of the NRlb isoforms is crucial for ret- 
inal ganglion cell survival. J Neurosci 18:8278-8291 

34. Imai Y, Matsuo N, Ogawa S, Tohyama M, Takagi T (1998) 
Cloning of a gene, YT521, for a novel RNA splicing-related 
protein induced by hypoxia/reoxygenation. Brain Res Mol 
Brain Res 53:33-40 

35. Gattoni R, Mahe D, Mahl P, Fischer N, Mattei MG, Stevenin 
J, Fuchs JP (1996) The human hnRNP-M proteins: structure 
and relation with early heat shock-induced splicing arrest and 
chromosome mapping. Nucleic Acids Res 24:2535-2542 



36. Tongiorgi E, Righi M, Cattaneo A (1997) Activity-dependent 
dendritic targeting of BDNF and TrkB mRNAs in hippocam- 
pal neurons. J Neurosci 17:9492-9505 

37. Robinson RG (1997) Neuropsychiatric consequences of 
stroke. Annu Rev Med 48:217-229 

38. Friedman A, Kaufer D, Shemer J, Hendler I, Soreq H, Tur-Ka- 
spa I (1996) Pyridostigmine brain penetration under stress en- 
hances neuronal excitability and induces early immediate tran- 
scriptional response. Nat Med 2: 1382-1385 



04-NOU-E004 11:03 From: 0E6E44144 To:l E48 539 5055 P.2'13 

-~ " EXHIBIT E 



Molecular Psychiatry [2002} 7. 

0 2002 Nature Wsfting Group Ail nghB fMMved 135^184/0? $25.00 



ORIGINAL RESEARCH ARTICLE 



Neuronal overexpression of 'readthrough' 
acetylcholinesterase is associated with antisense- 
suppressible behavioral impairments 

O Cohen 1 - 2 , C Erb\ D Ginzberg 1 , Y Pollak 2 , S Seidman 1 , S Shoham 3 , R Ylrmlya 2 and H Soreq 1 

department of Biological Chemistry. The Hebrew University of Jerusalem, Jerusalem Israel; * Department of Psychology, 
The Hebrew University of Jerusalem, Jerusalem, Israel; ^Research Department, Hcrzog Hospital, Jerusalem, Israel 

Molecular orlgln(s) of the diverse behavioral responses to anticholinesterases were explored 
in behavlorally Impaired transgenic (T g) FVB/N mice expressing synaptic human acetylcholi- 
nesterase (hAChE-$). Untreated hAChE-S Tg. unlike naTve FVB/N mice, presented variably 
Intense neuronal overexpression of the alternatively spliced, stress-induced mouse 
'readthrough' mAChE-R mRNA. Both siraina displayed similar diurnal patterns of locomotor 
activity that were Impaired 3 days after a day-co-nlght switch. However, hAChE-S Tg, but not 
FVB/N mice responded to the circadian switch with Irregular, diverse bursts of Increased toco- 
motor activity, In social recognition tests, controls displayed short-term recognition, reflected 
by decreased exploration of a familiar, compared to a novel juvenile eonapeeffic as well as 
inverse correlation between social recognition and cortical and hlppocampal AChE specific 
activities, in contrast, transgenics presented poor recognition, retrievable by tetrahydroamt- 
noacrtdlne (tacrine, 1.5 mg kg -1 ). Tacrine's effect was short-lived (<40 mm), suggesting its 
effect was overcome by anticholinesterase-lnduced overproduction of mAChE-fl. Consistent 
with this hypothesis, antisertse oligonucleotides (two dally Intracerebroventrlcular injections 
of 25 ng) arrested mAChE-R synthesis, selectively reduced mAChE-fl levels and afforded an 
extended (>24 h) suppression of the abnormal social recognition pattern in transgenics. Effi- 
cacy of antisertse treatment was directly correlated with AChE-R levels and the severity of 
the Impaired phanotype, being most apparent In transgenics presenting highly abnormal pre- 
treatment behavior. These findings demonstrate that neuronal AChE-R overproduction is 
involved In various behavioral impairments and anticholinesterase responses, and point to 
the entisense strategy as a potential approach for re-establishing cholinergic balance. 
Molecular Psychiatry (2002) 7, 874-885. doi:10,103a/sj-mp.4Cj01103 

Keywords: anttsensc; ciicadian rhythm; mouse; psychological stress; social recognition; transgenic 



Introduction 



Social bchavioT ia a complex phenotype, composed of 
the individual's general level of activity, cognitive per- 
ception and anticipation of the outcome of such 
behavior. 3 Working mud slorage memory and the ability 
to integrate information can also contribute towards 
social behavior, which is tightly linked to cholinergic 
neurotransmission. For example, the hypocholinergic 
features of Alzheimer's disease (AD) patients include 
aggressive behavior and/or avoidance of novel social 
challenges,* as well aa fears of social interactions 
alleviated by treatment with anticholinesterases. 3 
Surprisingly, anticholinesterases, eg tacrine 
(tetrahydroaniinoaaidiiie, Cognex, Parke-Davis), done- 
pozil (AricepU Pfizer), rivastigmine (Exolou. Novartis) 
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and galantatnine (Reminyl, Janssen), were reported to 
cause more pronounced improvement in more severely 
affected patients. To explain the molecular basis of this 
phenomenon, re-evaluation is needed of the linkage 
between cholinergic neural pathways, social, behavior 
and acetylcholinesterase (AChE). 

Both anticholinesterase exposure and stressful 
insults, ie confined swim, induce in tha mammalian 
brain a rapid c-fos elevation that modistes muscarinic 
responses and subsequent AOrlE overexpression. 4 A 
stress-associated switch in alternative splicing 5 - 8 
diverts AChJS from the major, 'synaptic' AChE-S to the 
normally rare 'readthrough' AChE»R variant. 7 The dis- 
tinctive non-catalytic activities of these AChE Iso- 
forms, 6 suggest links between AChE-R accumulation 
and behavioral anticholinesterase responses. 

Transgenic (Tg) mice oybrexpressiag human (h) 
AChE-5 in brain neurons are amenable to pursuit of 
this linkage. These mice present early-onset loss of 
learning and memory capacities, 0 progressive dendritic 
depletion, 10 stress-related neuropathology,* and modi- 
fied anxiety responses. 11 However, their social 
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behavior and psychological stress responses have not 
yet beeu addressed. 

AChE-S Tg mice constitutively ovcrcxpress AChE-R 
inRNA in their intestinal epithelium. When exposed to 
an organophosphato anticholinesterase (DFP), they fail 
to increase further tb*» already overproduced AChK-R. 
and present extreme DFP sensitivity. Humans with 
inherited AChE overoxprcssion are likewise hypersen- 
sitive to the anticholinesterase pyridostigmine." Our 
working hypothesis postulated thot at appropriate lev- 
els, AChE-R accumulation in response to stress restores 
normal cholinergic activity and social behavior. How- 
ever, under chronic stress, acute anti-AChE treatment 
or- exposure, ot in individuals with inherited AChE 
excess. AChE-R increases to a limit beyond which their 
cholinergic system cannot further respond and 
Impaired social behavior is a result. 

To test this hypothesis, we ascertained whether: (a) 
AChfi-S Tg mice display excessive response to a mildly 
stressful stimulus, a switch in the day/night cycle;" (bj 
examined AChE-R expression in the brain neurons of 
AChE-S Tg mice; and (c) studied the social recognition. 
behavior 14 of AChE-S Tg mice bofore and after adminis- 
tration of tacrine or AS3, an antisenso oligonucleotide 
(AS-ON) shown to selectively suppress AChE-R pro- 
duction. 12 Our fintKngs demonstrate constitutive 
mAChE-R accumulation with inter-on imal variability 
in brain neurons of hAChE-S Tg mice, associated with 
an exaggerated response to changes in circadian 
rhythm, and impaired social recognition, which are 
amenable to effective AS-ON suppression, 

Materials and methods 

Animals 

AChE-S Tg mice were obtained in a 100% FVB/N geno- 
type from heterozygous breeding pairs.* Control, non- 
Tg FVB/N mice were obtained by littermate breeding. 
Adult, 8-20 wk old Tg and control male mice were 
housed 4-5 per cage in n 12 h dark/light cycle with 
free access to food and water, AW experiments were 
conducted during the first half of the dark phase of a 
reversed 12 h dark/light cycle, under dim illumination. 
Routine locomotor activity in the home cags was meas- 
ured using a remote motility detector (MFU 2100, 
Rhomn-Labortechnik, HofheuTu Ccrmany) to quantify 
changes in th<* electromagnetic field. 

Telemetiic measurements 

Battery operated bvotoJcmctric transmitters (model VM- 
FH. Mini Mitter, SuA„Rivor, OR, USA) were implanted 
in the peritoneal cavity under ether anesthesia 12 days 
prior to the test After implantation, mice were housed 
in separate cages with free access to food and water. 
Output was monitored by a receiver board (model RA- 
1010. Mini Mitter) placed under each, animal's cage 
and fed into a peripheral processor (BCM 100) connec- 
ted to a desktop computer. Locomotor activity after the 
dark/light shirt was measured by detecting changoa in 
signal strength as animals moved about in their cages, 
so that the number of pulses Quit were generated by the 



transmitter was proportional to the distance the animal 
moved. The cumulative number of pulses generated 
over the noted periods was recorded. 1 * Recording 
lasted 24 consecutive h, starting at 9:30 am, with the 
light phase of a 12:12 h dork/light cycla beginning at 
7:00 a.m. To initiate a day/night switch, the dark/light 
periods were reversed and recording started 72 h after 
tbo switch and lasted 24 h. Following intraperitoneal 
injection of AS-ONs (see below], recording proceeded 
for an additional 3 h. 

Social exploration tests 

Each mouse was placed in a semicircular, transparent 
observation box and allowed 15 min for habituation, 
following which a juvenile male mouse (23-29 days 
old) was introduced. The time spent by the experi- 
mental mouse in social exploration consisted mainly 
of body and anogenital miffing, chasing, attacking and 
crawling over the juvenile. Measurements covered a 4- 
min period, using a computerized event recorder. Each 
mouse underwent two successive social exploration . 
sessions at the noted intcr-scssion intervals. The first 
session was considered as baseline. In the second ses- 
sion (test), either the seme or a different juvenile was 
introduced. Social recognition was calculated as a per- 
centage of tested out of baseline exploration time 
. record od for each mouse. 

7n situ hybridization and AChE activity 
xtttsQsure/nmits 

Animals were killed by cervical dislocation, and brains 
were removed and dissected or fvxed for in situ 
hybridization. AChE activity was measured in hippo- 
campus, cortex and cerobGllum extracts as described. 1 * 
Protein determination was performed using a deter- 
gent-compatible Irit (DC, Bio-Rad. Mftnchcn. Germany). 
Iromunoblot detection of specific AChE isoforms was 
as reported." 

For in situ hybridization, 5 /un paraffin sections of 
brain tissue were prepared otter fixation by transcordial 
perfusion of anaesthetized mice with 4% paraformal- 
dehyde in PBS (pH 7.4). A 50-mer fully 2'-0-methyl- 
etcd 5'-biotinylated AChE-R cRNA probe was applied 
as described.* Following probe detection with a strep- 
tavidln-alkaiinc phosphatase conjugate (Amersham 
Pharmacia Biotech, Little Chalfont, UK) and Fast Ked 
as the reaction substrata (Roche Diagnostics, 
Mannheim, Germany), micrographs of hippocnmpal 
and cortical neurons wcro subjected to semi-quantitat- 
ive evaluation of Fast Red staining. Mean signal inten- 
sities of light micrographs Itaken with a Rcel-14 color 
digital camera, CRI. Boston, MA ? USA) were analyzed 
using Image Pro Plus (Media Cybernetics, Silver 
Spring, MD, USA) image analysis software. The mean 
intensity of Fast Red labeling was measured in GA3 
hippocampnl and cortical neurons and corrected for 
background staining in each picture. 

hnmunocytochemistry 

Irnjnunocytochemistry of glial fibrillary acidic protein 
(GFAP) was performed as described 9 Briefly, floating, 
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fnrmalia-fixed, 30 ^ua, coronal cry ostat-secti oris wero 
protrcated with trypsin [type II, Sigma Chemical Co, 
St Louis, MO, USA) 0.001% for 1 nun. Sections were 
incubated overnight at 4°C with a mouse anti-gHal 
fibrillary acidic protein (C?Al J ) antibody (clone GA-5, 
Sigma-lsrael, Rehovot, feroci), diluted 1:500. Then sec- 
tions were Incubated overnight at 4°C with horseradish 
peroxidase- labeled goot-anti-mouse antibody (Sigma- 
Isracl), dilutecH'ioO. Color was developed by reaction 
with diarninobenzidine 0.0125%, nickel ammonium 
sulfate 0.05% and hydrogen peroxide (0.00125%). The 
development time of the DAB reaction product was 
controlled by stopwatch to ensure comparability 
between experiments. Sections wero counterstained 
with cresyl violet. 

Quantitative analysis of the hippocampal stratum 
lacuna sum molcculare (SLM) was performed ot the 
lovel of posterior 2,5 mm from bregma. Using a 40 x 
objective, consecutive fields of the SLM were vis- 
ualized with a Nikon microscope and processed using 
nn AnalySIS image analysis system. A total of 35 astro- 
cytes were sampled from each group (control vs Tg}. 
The variables that were compared were intensity of 
staining of the soma (arbitrary units from a range of 
256 shades of gray), soma size (Am 3 ), and thickness of 
the largest process of each astrocyte nt the process stem 
(urn)- Statistical comparisons wore mode using Stud- 
ent's (-test, with (18 degrees of freedom. 

Considerations for designing antisiense tests 
In vivo antisenso suppression of do novo ACbE-R syn- 
thesis was employed throughout the current study to 
provide a proof of concept (ic demonstrate the causal 
involvement otthe. secretory, soluble mAChE-R variant 
in the excessive locomotor activity and the impaired 
social recognition of Tg mice). Two types of expert 
ments w ere performed: ( 1 ) intracerebroventricular 
(Lev. J AS3 injection of animals subjected to longitudi- 
nal social exploration tests (up to 1 week post- 
treatment); and (2) Lev. injection followed by 1-day 
social exploration test, irnrnunocheniical detection, end 
measurement of catalytic activity of brain AChE. Both 
of these were associated with certain inherent limi- 
tations, as detailed be)ow, yet each test provided evi- 
dence to support part of the explored concept 

luttucranial AS-ON injection is inherently more 
'powerful when centrally controlled behavioral para- 
meters are sought; limitations in This case involve the 
duration of tests (as the animals are all at a post-surgery 
state] and the requiiemont to control for the outcome 
of this surgical procedure in addition to the behavioral 
test itself. To ovoid excessive complications, we 
ru trained from employing double operations (and. 
therefore, couid aot use telemetr.ic measurements, 
which require transmitter implantation, on i.c.v.- 
injected animals). 

The experimental controls, as well, were chosen after 
careful Consideration. Each test should involve both Tg 
and control animals, as well as sham treatment 
(injection of* - either saline or an irrelevant 
oligonucleotide) and comparison between pre- and 



post-treatment phenotypes. Whenever possible, ani- 
mals were self-compared, retiring cam nil time-of-day 
comparisons; in other cases, groups of animals with 
similar pre- treatment behavior patterns were compared 
to each other with regard to the efficacy of the antisense 
treatment. Neither of these tests is conclusive by itself, 
however, their cumulative outcome substantially sup- 
ported the possibility of employing antisensc knock- 
down in can:ful behavioral tests. 

Cannula implantation 

Mice under sodium pentobarbital anesthesia (50 ing 
kg" 1 , i.p.) were placed in a stereotaxic apparatus. Skulls 
were exposed and a burr hole was drilled. Implantation 
was with a 26-gauge stainless steel guide cannula 
(Plastics-One, Roanoke, VA, USA). The tip of the guide 
cannula was positioned 3 mm above the left lateral 
ventricle according to the following coordinates; A; 
-0.4 -0.66 (bl-3.8), (bl = bregma-lamda); L: 1.5: D: -2.2. 
Tha guide cannula was secured to the skull with three 
stainless-steel screws and dental cement, and was 
closed by a dummy cannula. Mice were housed in indi- 
vidual cages and allowed postoperative recovery of 10— 
14 days before experiments. 

Preparation of AS-ON 

for i.c.v. injection. 2'-0-methyl protected (thrue-3' 
nucleotides) oligonucleotides (5 /iM) targeted against 
murine AChE (AS3) or BuChE (ASB) mRNA 15 were 
combined with 13 jiM of the lipophilic rransfaction 
reagent DOTAP (Roche Diagnostics) in PBS and incu- 
bated for 15 inin at 37°C prior to injection. One ul (25 
ng) of this oligonucleotide solution was injected in 
each treatment. 

Lev. administration of AS-ON 

For intracranial microiTijcctians, solutions were 
administered through a 33-gauge stainless steel 
internal cannula (Plastic One), which was 1 mm longer 
than the guide cannula. A PE20 tube connected the 
internal cannula to a microsyringe pump (XD Scientific 
Instruments, Boulder, CO, USA). Solutions were 
administered at a constant rate for 1 m in, followed by 
1 min during which the internal cannula was left 
within the guide cannula, to avoid spillage from the 
guide cannula. Correct positioning of the cannula was 
verified following each experiment by injection of try* 
pan blue through the cannula and testing dye distri- 
bution after removal of the brains. 

Statistical analysis 

The results of the in situ hybridization experiment 
were analyzed by a f-test. The results of the circadian 
shift were analyzed by a three-way, repeated measures 
ANOVA (genotype x day (routine/reversed) x circadian 
phase (dark/light)). The results of tire social recognition 
test were analyzed by a three-way, repeated measures 
ANOVA (genotype x stimulus animal (same or differ- 
ent juvenile) x intersession interval). The results of the 
experiment on tacrine's effect on social recognition 
were analyzed by a three-way ANOVA (genotype x 
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stimulus animal (same or different juvenile) x drug 
(Lacrme/saline)). The results of the effect of AS3 on 
social recognition were analyzed by a two-way, 
repeated measures A NOVA (pretreatment (short/long 
explorers) x time (days after injection)). The results of 
the specificity of AS3 effect were analyzed by a three- 
way ANOVA [genotype x drug (AS3/AS8) x time 
(before/after the treatment)}. All ANOVAs were fol- 
lowed by post-hoc testa with the Fisher PLSD pro- 
cedure. 

Results 

Transgenic mice overexpr&ss host AChE-R 
To explore the specific contribution of variant AChE 
rnRNA transcripts inwards neuronal ACHE gone 
expression. Tg mice avarexpressine hAChE-S in the 
nervous system were tested by high resolution in situ 
hybridization using cRNA probes selective for each of 
the two major AChE variants. Excessive labeling was 
observed in hAChE-S Tg mice as compared with con- 
trols in which hybridization was performed with the 
AChH-S selective probe. This was consistent with the 
expected cumulative contribution of the overexpressed 
human trunsgene and the host mouse (m)ACh£-S 
mKNfA transcript.'- 10 However, hAChE-S Tg mice also 
displayed variably excessive labeling with the AChE- 
R cRNA probe, decorating mouse (m) AChE-R mRNA. 
Figure 1 presents a representative mi cr ogr a ph of 
mAGhE-R rnRNA overexpression in the cortex and hip- 
pocampus of a Tg as compared to a control mouse. 




Figure 1 Intensive neuronal ACiiE-R rnRNA expression in 
Tg mica. Shown are represents tWo micrographs of in situ 
hybridization in parietal cortex (A,, B,) and hippocampus 
GV using an AChE-Jl cRNA probe and Fast Red detection. 
Insets: 3churmi|U: dm wing (top) or low-magnification micro- 
graph (bottom K presenting the location of higher tnognifi- 
cauon micrographs in the cortex and hippocampaJ CA3 
fttgiou. Note the intense AChE-R expression in cortical and 
hippoounpal neurons of Tg mice. 
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Neuronal m AChE-R rnRNA overproduction in these Tg 
mic8 was heterogeneous in its extent, yet significantly 
higher than that in control mice. Analysis of Fast Red 
staining showed an increase from an average of 20 ± 3 
arbitrary intensity units (± standard error of the mean, 
SEM) in five control animals to 41 ± 5.5 in six transgen- 
ics (t(g) => 10.27, P < 0.05). This suggested on inherited 
predisposition to constitutive AChE-R overproduction 
in Tg mice. Because ACh£-R overproduction is associa- 
ted with psychological stress, this further coiled for 
evaluating its neuroanatomical and behavioral mani- 
festations. 

Hypertrophy in hippocampaJ astrocytes reflects 
elevated stress in hAChE-S Tg mice 
Irnmunocyto chemical labeling of glial fibrillary acidic 
protein (GFAP) was used in search of an independent 
pare meter for evaluating the stress-prone state of 
hAChE-S Tg micrt. Hippoeampal astrocytes are known 
from previous studies to be sensitive to various forms 
of stress.™* This property is manifest in morphologi- 
cal changes, increased size of cell soma and of astro- 
cytic processes collectively called 'hypertrophy' and 
which is accompanied by increased expression of 
GFAP. The hippoeampal SLM is particularly enriched. 
In astrocytes, which appeared to be hypertrophic in 
hACh£-S Tg mice (Figure 2b, d) as compared to age- 
matched controls (Figure 2a, c). Astrocytes in other 
regions, such as cortex appeared unchanged (Figure 2e. 
f). Figure 2 presents this selective hippoeampal change, 
which is generally considered to reflect the cumulative 
load of stressful insults in the mammalian brain and 



Control hAChE-S Tg 




Figure 2 Intensified GFAP sUuning in hypertrophic hippo- 
eampal astrocytes of hAChE-S Tg mice'. Shown are light 
microsLupy micrographs of GFAP iTnjniinocytochcmical 
staining in the brain of control (a, c. ej and Tg (b. d. f) mice. 
Noto the intensified cell body staining In hippoeampal (a-d) 
but not in cortical astrocytes (c, fl and tho thickened process 
extensions in the transgenics' astrocytes 
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is frequently associated with impaired cognitive and 
behavioral properties. an 

Intensity of staining of GFAP-iike immune reactivity 
in the astrocytic soma was significantly higher in Tg 
mice (176.3 ± 4,0, arbitrary units) compared to control 
mice (147.8 ± 3.5, t - 5.3, P < 0.0001). A cross-sectional 
area of the astrocytic soma was significantly increased 
in Tg (45.9 ± 1^4 ^un 2 ) compared to control mica (35.4 
± 1.5, f » 516,*? < 0.0001). The stem thickness of the 
large astrocytic process was greater in Tg mice (i:v*5 ± 

0. 05 pun) compared to control mice 11.32 ± 0-05, t = 
6.i£l, P <. 0.00O1). Taken together, these data form a 
picture of 20-30% hypertrophy in hippocampai astro- 
cytes of hAChE-S Tg mice, consistent with the earlier 
reports of stress-associated and pathology-associated 
astrocytic hypertrophy. ,61fl 

AChE averexpression predisposes to hypersensitivity 
to chnngnd circadian cycle 

Beboviorol differences between Tg and control mice 
wore first sought by recording locomotion patterns. 
Under routine conditions, both genotypes displayed 
similar home cage activity (Figure 3e), Thnir circadian 
rhythms included, as expected, significantly more fre- 
quent and pronounced locomotor activity during the 
dark phase of the circadian cycle (FU.24) = 18.16. F < 
U.OUl) (summarized in Figure 3c). Seventy-two hours 
following reversal of the light/dark phases, both geno- 
types lost most of the circadian rhythm in their loco- 
motor activity, as reported by others, 21 but presented 
distinctive behavioral patterns (Figure 3b and c). After 
ihw shift, hAChE-S Tg mice showed a general increase 
in activity, which was reflected in a significant geno- 
type by day (rCRtftSne vs reversed) interaction [F[l,24 - 
4.6n, P < 0.05). Host-hoc tests demonstrated in Tg mice 
significantly increased activity in the reversed cycle 
(compared with activity in the routine cycle J, both dur- 
ing the diirk, tmd the light phases (P < 0.05). In 
addition, activity in the dark phase of the reversed 
cycle, was significantly greater io Tg compared with 
control mice. These findings indicate that adjustment 
to the circadian iusuJt was markedly impaired in Tg 
mice, suggesting that these mice display a genetic pre- 
disposition to abnormal responses to changes in the 
circadian rhythm. The transgenics' intensified activity 
was found to bo suppressed tor a short time (<3 h) by 

1. p. administration of AS-ONs targeted to the common 
domain shared by all AChE raRNA variants 
(preliminary dota, data not shown). 

Impaired social recognition due to AChE excess 
In the social recognition paradigm, control mice could 
recogolze a. previously encountered ('same') juvenile. 
This is manifest as ;i reduction in exploration time in 
the second exposure of the mice to the same, but not 
to a different juvenile, provided that the time interval 
from, the end of the first encounter with that juvenile 
to the bqjghinhift of the memory test did not exceed 15 
to in, As expect*^* this memory decayed with increased 
intercession interval. In contrast, Tg mice tended to 
explore the previously introduced juvenile longer than 



control mice and did not display social recognition 
even after a short interval of 5 min (Figure 4). These 
findings were reflected by a significant statistical inter- 
action between the genotype (control v$ Tg) and the 
stimulus juvenile [same/different) tfll,76) = 9.93, P < 
0.01). Tn Tg mice, post-hoc analysis revealed significant 
reduction in exploration time only when Tg mice were 
tested immediately after the baseline (0 interval) with 
the same juvenile. These results ore consistent with 
the cholinergic modulation of social recognition 
behavior. 12 

The reversible AChE inhibitor, tacrine, has been 
clinically used for blocking acetylcholine hydrolysis 
and extending the impaired memory of Alzheimer's 
disease patients. 3 Therefore, we tested the capacity of 
tacrine (1.5 mg kg -1 ), injected immediately following a 
baseline encounter with a juvenile mouse, to improve 
the social recognition of Tg mice. Injected mice were 
tested with either the same or a different juvenile fol- 
lowing a 10-min interval. As e*p*icted from previous 
reports on the beneficial effects of tacrine on social rec- 
ognition in rots, 2 * injection of Tg mice with tacrine 
induced a significant improvement hi recognition 
memory, with post-trentment performance similar to 
that displayed by uncreated control mice. In contrast, 
Tg mice displayed no ruco gnition of the same juvenile 
when injected with saline, and non-Tg control mice 
maintained uuebonged recognition performance when 
injected with either tacrine or saline (Figure 5). These 
findings were reflected by a significant, three-way inter- 
action between the genotype (control/Tg), the stimulus 
juvenile (same/different) and the drug (tacrine/saline) 
(Ftl,52) - 4,18, P < 0.05). In a similar experiment, in 
which the injections preceded the social recognition 
test by 40, rather than 10 min, tacrine had no effect on 
either Tg or control mice (data not shown), Therefore, 
tacrine facilitated memory consolidation when admin- 
istered during the consolidation process, but did not 
affect acquisition of memory when given in advance. 

Explorative behavior is inversely correlated with 
bruin AChE activity 

Apart from ib improvement of memory, tacrine sup- 
pressed the exploratiun behavior toward a different 
juvenile in control (P < 0.05) but not in Tg mice. 
Decreased locomotor activity under tacrine treatment 
was suggested to reflect cholinergic mediation of social 
exploration behavior.* 4 To further investigate this con- 
cept, control mice were divided into three equal groups 
In - 10), presenting short, intermediate or long explo- 
ration time of the same juveniles. AChE activity was 
determined in the cortex arid hippocampus of ench 
subgroup. 24 h following social recognition tests of the 
"same* juvenile (presented 10 min following first 
exposure). Mice with lower levels of cortical and hip- 
pocampai AChE activity spent more interaction time 
with the 'same' juvenile than mice with high AChE 
activity levels (Table l), so that thciT explorative 
behavior was inversely correlated with cortical and 
hippocampai AChE activity levels (correlation magni- 
tude, r -0.49 and 0.41, respectively). Compared to 
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Figure 3 Spontaneous locomotor activity of control and Tg mice under routine dark/light cycle end following cycl* reversal 
locomotor activity was dotectod by bio teleart trie -recorded movements for 24 h aud i* displayed as pflrciint of the mean roova- 
uiouU pur mou£c per ht^haftad areas in tliu figure indicate the dark phases of the light/dark cycle, (ft) Routine cycle; fb] shifted 
cyclu; (cj svunmated activity intnnMificalion. Shown are vqIuqs of locomotor activity during the dark and light parens in the 
daily cycle for Tg and nge-matcrtnd control mico under routine nnd reversed cycles. 'Significantly diUsreat rrom the cntmapond- 
ing group in the routine condition (P < 0.05). 'Significantly different from Tg mice in tho rfarJc phase of tho reversed condition. 



shorter explorers, longer explorer mice exhibited a 
29% reduction in cortical ACbE activity, correspond- 
ing to a. >1 80% increase in social exploration time. The 
significance of the difference between the shorter and 
longer explorers was verified by ANOVA [F[Z,27) = 
4*89, P < O.OS) and post-hoc tests. 

The lack of tacrine effect ou the social recognition 
perforvrian.ee hi control niic(\ and iu* improvement 
effect On the social recognition in transgenics, with 
approximately^ % excess AChE," presented on appnr- 
exit contradiction to the inverse correlation between 
ACbE catalytic activity and social exploration. One 
potential explanation to this complex situation was 



that the inverse correlation in control mice reflected 
primarily tho levels of the synaptic enzyme AChE-S; in 
contrast." the massive mAChE-R excess in the Tg bruin 
could cause their impaired social recognition behavior. 
According to this working hypothesis, selective sup- 
pression of AChE-R should improve the social recog- 
nition performance. To test this hypothesis, we 
adopted i.ev. injection of AS3 to prevent de novo 
niAChE-R production. 1 * Mice were tested in the social 
exploration paradigm once before (baseline) and then 
1. 3 and 6 days after two daily injections of AS3. Figur* 
Ga presents the experimental design of these testa. 
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Figure 4 Working memory deficiency in Tg mica. Shown is 
the percent of basalim* social exploration time for H-ll wJu 
old Tg 8"d control mole miuo as a function of tKA intcrscssion 
iiiujrvaL Average hBsnltne exploration time was 143 * S u and 
133 ± 5 s (± SEM] for transgenics [n = 42) and control mico 
(n a 40). respectively. Asterisks mark significant reductions 
of exploration time toward the «aine Juvenile {P < 0.05), as 
compared to a different juvenile, ie short -term wnrldng mem- 
ory, tocrensed exploration time of the eanw juvenilo with 
increasing intcrsession intervals reflects Uioo-depcndcnt 
dewy in the working memory of control mico. After a 5-min 
interval. Tg mice displayed no reduction in explication time 
toward the same juvenile, indicating that they did not remem- 
ber the same mouse for even 5 mio. 



AS3 improvement of social exploration increases in 
efficacy and duration in animals with severe pre- 
treatment impairments 

Post-treatment follow-up uf social exploration was pcr- 
formod 1, 3 and 6 days following AS3 treatment in ani- 
mals with short, medium and long prc-treatment social 
exploration betoiiOT [n = 5-6 per group). As expected, 
there was a significant overall difference between the 
short and the long groups in exploration time (FU.24) 
= 10»ttl, P < 0.05). However, post-hoc teats revealed 
that thes£ groups differed significantly only during the 
pre-treatment day (P < 0.O5), and not filter the AS3 
treatment . (Figure 6b). Furthermore, within the long, 
but not the :ihort explorers group, social exploration of 



Control 



hAChE-S Tg 




saline tacrine 



saline tacrine 



Figure 5 Tacrine improves working memory of Tg mice. 
Wcsonted tho mean social exploration time ± SEM as a per- 
centage of niwcline time for 29 control and 32 Tg mice (1.2- 
15 wka old. 7-ft mice per group) whoro either tacrine (15 
rag kg* 1 ) or twdine (10 ml kg -1 body weight] was administered 
intraperitoneal ly immediately following the base Una explo- 
ration period. The intercession interval was 10 min for all 
groups. Note the post-treatment shortening nf explorative 
rime of Tg mice, reflecting improved working memory. Aster- 
isks mork significant reduction of exploration time to word the 
same juvenile [P < 0.QS) as compared to a different juvenile, 
# Morka a significant tacxinc-induced reduction of exploration 
time toward h diffoi-unt Juvenile [P < 0.0S). 



the 'some* juvenile was significantly reduced [P < 0-05) 
1 day after the AS3 injection] with progressive 
increases in social exploration time during the 5 sub- 
sequent doys. Because of the pre-troatmont differences, 
the severely impaired sustained a certain level 

of improvement oven at the sixth post-treatment day 
(figure 6b) (ie, even on tWs day there was no nistimp- 
licm of the pre-treatment difference between the short 
and long explorers). This experiment thus demon- 
strated both the efficacy and the reversibility of the 
ahtiscase treatment, however with exceedingly long 
duration., especially in animals with severe pre-treat- 
ment impairments and in comparison to the short-term 
efficacy of tacrine. 

Antisense AQiE-R axRNA suppression selectively 
reduces hrain AChE-R protein 

Tg mice with long pre-txeatment explorative behavior 
displayed a significant improvement in social explo- 
ration of the 'same* juvenile 24 h following the second 
treatment with AS3, but not with the irrelevant AS-ON 
A SB (7^10) = 3.1.95, P < 0.001). ASB, targeted to the 
related enzyme, buryrylcholinesterase, served as a 
aeqVTcnco specificity control. Control mite with either 
long or short pra-traatment social exploration showed 
no response to either AS3 or ASB (Figure 7a and data 
not shoivn). 
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Table 1 

tie** 



Social exploration, behavior nnd bruin AChE itctivi- 



JSxpioration 

timo 
(percent of 



Specific ACItE activity 
(nmol ATCh hydivlyxsd 
mil)-* mg protein- 1 J 





baseline) 


Hippocampus 


Cortex 


Total 




B7±4 


80*3 


population 








Shorter 


57±3 




104110 


tixploraUon 








lime 








intferinediate 




95±6 


92 ± 1U 


exploration 








rime 








Longer 


104 + 3 


71 ±7"* 


74 ±6* 


exploration 








time 









"Control FVB/N male mguse population* (n = 30} (3-5 months) 
was divided into three equal groups {n - 1.0) with short, inter- 
mediate and long exploration time of the mxvm juvenile 
(shown a? average t SEM percent of baseline). Intercession 
interval wa» 10 min for all groups. Mice were killed 24 h after 
the behavior Ml and ACM£ specific activities wen? nMasisxeo* 
In hippocampus mid cortex extracts. Asterisks mark signifi- 
cantly lower AChE specific activity in control long explorers 
as compared with short explorers {P *; 0.01 for hippocampus 
and P < 0.05 for cortex; ANOVA foi lowed by post-hoc testa 
with the Fisher PLSD procedure). 



Catalytic activity measurements performed 24 h after 
the last AS-ON injection failed to 9how differences, 
perhaps due to the limited number of ammo Is und the 
variable ..enzyme levels. However, immu nod el ected 
AChE-R protein levels were significantly lower in AS3 
treated mice os cos&porcd with ASB treated mice, 
regardless of their genoiypc or pre- treatment behavior 
pattern (Figure 7b and data not shown, *Tl,22) 19.&3. 
P < 0.001). In contrast, densitoineiric analysis of 
iminunodetected total AChE protein (detected by an 
antibody Uvrxetad to the M-terminus, common to both 
iso forms) revealed essentially unchanged signals (data 
not shown). In further tests for potential associotioA; 
post-treatment AChE-R levels were plotted as a func- 
tion of the social exploration values. Data points clus- 
tered separately before the AS-ON treatment (Figure 
8a]. with both AChE-R levels and exploration times of 
controls clearly different from transgenics. Altai' treat- 
ment, long explorer transgenics shifted to short explo- 
ration values (Figure Bb). Intriguing ly, tho explorative 
behavior of long explorer controls wag not affected by 
the treatment, indicating that the reduction in mAChH- 
R following AS3 treatment affected only animals that 
were beh a vi orally impaired before the treatment. 
Together., thesp 6ndii>gs attest to the selectivity of the 
antieense treatment for treating AChE-R overexpre&sing 
animals and its sequence-specificity in reversing the 
AChE-R induced impairment of behavior. 
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Figure 0 Lev. antiscuse effect on the ojccesslv* social explo- 
ration be tin vi or of Tg mice, (a) The «x Detrimental paradigm. 
Shown (a the order of procoduros end tests of thesociol explo- 
ration capacity In cannula-iraplanted mice following emri- 
senso treatment. See Material?? and Methods for details, (b) 
Long-l«mi reversibility end. correlation of treatment euusaoy 
with the severity of pre-treatliient tfyvnptoms. Shown are 
social exploration values, in poxcaut ojf baseline pcrfnrrnanco, 
for catuiulatod hAChE-S Tg micB with short and long pro- 
treannent exploration of the 'snmo' juvonilo. following i c.v, 
AS3 treaunwil {u - 5 mice per group]. Nolo that both the effi- 
cacy and the duration of the suppression effect arc directly 
correlated with the severity of pre-treatment symptoms. "SiR- 
nificantly <]iff*n)nt from mice with short exploration time, at 
day -2 [P < O.0SI t Sigai£eaixtly different from mice with long 
exploration time, al day -2 [P < 0.05). 

Discussion 

Combination of behavioral, molecular and biochemical 
analyses revealed multilevel cd contributions of chol- 
inergic neurotransmission and ACHE gone expression, 
towards the general activity and social behavior of 
adult Tg mice over-expressing neuronal AChE. In 
addition to inherited excess of hACh£*S, these Tg mice 
display conspicuous yet heterogeneous overexprossion 
of the stress -associated 'read through' mAChE-R in their 
corticnl and hjppocnmpal neurons. Nevertheless* tbpy 
present close to normal activity patterns under normal 
maintenance conditions with minimal external chal- 
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figure 7 AS3 doorcases brain AChE-K IcvnU and amelior- 
ates social recognition deficits in Tg-mice. Tg (n m 3Gl and 
control (n =■ 22) cannula-imp lanted mice. 10-20 wka old, were 
injected i.ev. with AS-OKs Targeted against AChE {AS3J or 
bulyrylcholincaternsc (ASB) on 2 consecutive days. Social 
exploration of the 'same' juvenile wns tested 24 h before (pre J 
and 24 h after (post J injections. Mice were . WJIed Immediately 
f»ftor tho lost social recognition test and Vein riomogcnates 
subjected to Immunodetection of ACbE-R (&J Social explo- 
ration behavior. Shown are moan social exploration of the 
same juvenile (percent of baseline ± SEM] before (pro) and 24 
a after (post) AS-ON treatment Tor long explorer mice (see 
Table lj. Asterisks mark significant rieduction of soda! explo- 
ration time after AS j treatment [F < 0,05). Iiu;ot: Location of 
i.av. cannula in the brain (arrow), (b) Innniuiodetected AChE- 
R. Mtfun ± SEM densitometry values for immuno detected 
AChE-R in cortex extracts of the noted groups post-tixwtmenL. 
AChE-R lovals in uucaimulated control roJeo were considered 
100%. Asterisks mark significant reduction of AChE-R levels 
in AS3 as compared to ASB treated mice (* *P < 0.05. *P < 
0. 1 1 Note tho significant reduction of iwmunod erected AChE- 
R and fragments thereof in cortices from both groups treated 
with ASS as compared with those treated with the control 
reagent, ASB. 



lenges. In cW&ast their capacity to adjust to 
behavioral changes in response to external signals 
appears to be compromised, suggesting that they suffer 
genetic predisposition for adverse responses to stress- 
ful stimuli. 10 

behavioral and teaming impairments of cholinergic 
origin 

When fuibjeeted Lo a day/night switch, hAChE-S Tg 
mice respond with excessive bursts of locomotor 
activity, particularly during iho dark phase, but also 
during the light phase of the post-shift diurnal cycle. 
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Figure 8 Decreased AChE-R levels correlate with, reduced 
social exploration time in Tg mice. Presented ore covftcnl 
AChE-K levels (unrounodetoctod protein, percent of levebi iu 
uncannulated control?] «a a function of social oxpl oration for 
each mouse before (a) and alter (b) AS 3 treatment Loag- 
oxplnrnr mica, nach represented by a dot, were sorted by their 
genetic bocVgrounds [control and Tg). Note the oxcbiMve 
post -treatment shift In the clustered distributing of the Tg 
long explorers , with excessive mAChE*R levels, v compared 
with the non-ahifUd cluster of long-oxplaror controls 

In prolvminnry experiments, this excessive activity 
could be transiently suppressed, by aatlseuse oligonu- 
cleotides, which was especially encouraging in view of 
the progressively impaired neuromotor functioning in 
these mice. 25 Matched controls, unlike transgenics, dis- 
play, as expected, relatively suppressed locomotor 
activity during the post-shift dark phase w When con- 
fronted twice with a conspeciEc young mouse, hACh£- 
S Tg mice spend significantly longer periods than con- 
trols in tho social interactions characterizing such con- 
frontations. Similarly, in a new environment, hACh£- 
S Tg mice displayed increased locomotor activity as 
compared with controls. 11 In the social recognition 
paradigm, they failed to remember a conspeciflc juven- 
ile, even following 8 del ay interval of only 3 min. This 
extends previous reports on their spatial learning and 
memory impairments 8,10 and agrees with previous 
reports 2 -'-*' on the social behavior changes associated 
with cholinergic impairments. 

Several other neurotransmisaion systems, eg vasop- 
ressin, 20 are most likely related, as well, with impaired 
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social interactions. In hACbE-S Tg mice, however, this 
phenotype may be attributed to hypocholinergic func- 
tioning due to AChE exccas, as is evident from the 
capacity of the AChE inhibitor tacrine to retrieve their 
social recognition. Nevertheless, tacrine's effects 
appeared surprisingly short-lived, consistent with fin- 
dings of others," In contrast, excafldingly low doses of 
oligonucleotides suppressing AChE-R synthesis 
exerted cnnsiderabl^JoAgsr-tcrm improvement of the 
social recognition skills of Tg mice. This suggested 
non-catalytic activities as an alternative cxplonotion(s) 
for the behavioral and cognitive impairments caused 
by AChE-R excess.™ 

Orcadian switch as a behavioral stressor 
Cholinergic neuxotranstnission circuits are known to 
be subject to circadian changes 1 and control the sen- 
sorimotor cortical regions regulating such activity.** 
Therefore, the intensified response of bAChE-S Tg 
mice to the circadian switch suggested that their hypo- 
cholinergic state is thn cau.se. The variable neturo of 
the excessive locomotor activity in the Tg mice indi- 
cates an acquired basis for its extent and duration. A 
potential origin of such heterogeneity could be the 
variable extent of neuronal mACbE~R niRNA La the 
sensorimotor cortex and hippocarnpoJ neurons. Both 
psychological* und physical stressors 1 * induce neu- 
ronal AChE-R overproduction. Exaggerated stress 
responses, such as the intense locomotor response to 
the mild stress of a circadian switch, can hence be 
expected to exacerbate the hypocholinergic state of 
these already compromised animals. 

hi social behavior tosis, hACkE-S Tg mice display 
impaired recall processes causing poor recognition 
when confronted witfi lx conspecific young mouse. 
Therefore AChE-R overexprossion, which is also 
induced under stress,* may be causally involved with 
the reported suppression of recall processes under 
stress 31 as well as with the apparent correlation 
between stress and hippocampal dysfunction, 3 * This 
suggests that excess AChE-R am simultaneously 
impair recall processes and induce excessive loco- 
motion. Stress-induued effects on learning and memory 
processes have been reported by others, 54 but were not 
correlated with AChE levels. Our current findings of 
improvement in trangenics' exploration behavior fol- 
lowing tacrine injection, which would be expected to 
augment cholinergic neurotransmission, strongly indi- 
cate that their hypocholinergic state was the cause 

Advantages and limitations of anticholinesterases 
In cuntrnl mice, with low AChE-R levels, tacrine did 
not affect the normal social recognition capacity. This 
suggests that suppression of AChE activity may have 
distinct effects under normal and stress- induced con- 
ditions. Tg mice wiih higher AChE levels have accom- 
modated themselves to this state, and it may be this 
accommodatiqn that renders them incapable of facing 
3 challenge by an anticholinesterase. One option is that 
of a threshold AChfrfii activity that would be compat- 
ible both with satisfactory memory and normal loco- 
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motion. This balance is impaired in the Tg mice and 
may also be disrupted under inducers of long-term 
AChE-R overproduction, eg stress or exposure to anti- 
cholinesterases, 0 This, in turn, implies that the effect 
of anticholinesterases would depend on tha initial lev- 
els of specific AChE variants in the treated mammal. 
Above the hehaviorally-compatible threshold of AChE- 
R, anticholinesterases would exert behavioral improve- 
ment, whereas below it, their nffects would be limited, 
which can explain their differential efGcacy in patients 
with different severity of symptoms. 

Glucocorticoid regulation of cholinergic behavioral 
patterns 

The separation between general behavior patterns and 
learning paradigms as those relate to cholinergic trans- 
mission may explain why AChE transgenics, so dra- 
matically impaired in their learning capacities, display 
sui;h subtle deficiencies in their doily behavior. 
According to this concept, a constitutive hypocholi- 
nergic condition would be evident as a failure to learn 
and remember, however, its behavioral effect will be 
tax loss pronounced, unless challenged. This predis- 
position to drastic responses to external insults is 
indeed reminiscent of the reported behavior of 
demented patients. It had beeo initially attributed to 
their elevated Cortisol levels, 35 which matches recent 
Endings in primates. 118 Indeed. Cortisol up regulates 
ACHE gene expression and olovates ACliE-R levels, 17 
possibly above the required threshold. In addition, 
both psychological stress and glucocorticoid hormones 
were reported to impair spatial working memory , 3B * a9 
consistent with such impairments in. the hAQiE-S Tg 
mice. The intensive ovcrcxprcssion of inACh£-R in 
those mica mimics a situation in which the individual 
capacity for AChfi-R overproduction would be tightly 
correlated both with the severity of the behavioral 
impairments induced under cholinergic hypofunctioa 
and with the capacity of anticholinesterases to affect 
learning and behavior properties. 

Brain recoil specificity 

Working and storage memory and the ability to Inte- 
gra to information are lightly linked not ouly to chol- 
inergic neurotransmission, but to other neurotransmit- 
ters as well. Several studies demonstrate that even mild 
environmental changes QiVja a d Ay-to-night switch), are 
accompanied by increased dopamine and noradrena- 
line extracellular concentration in the prefrontal cor- 
tex, and only to a minor extent in the limbic and stria- 
tal areas. 40 This activation is very selective, since 
molecular studies have shown that thirty minutes of 
restraint increase Fos protein in dopamine neurons 
projecting to the cortox but not in those projecting to 
the nudmia accumbens. In this respect altered accum- 
bons and cortical extracellular dopamine concen- 
trations during stress are not secondary to motor acti- 
vation, but instead reflect increased attention to the 
provocative stimulus or attempts by the intruder to 
'cope' with the stimulus, and therefore are inde- 
pendent of a specific motor activation.* 1 
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The ventral hippocampus is an important neutonal 
'gate* which should be regard od as q system modulator 
of the cortioil response to stress. In this respect chol- 
inergic transmission may contribute to the significance 
of environmental cues. When neonatal ibotenic acid 
lets i una are produced in the ventral hippocampus, 
repeated intraperitoneal saline injections attenuate 
dopamine release in the medial prefrontal cortex, 
while chronic haloporidol augments dopamine release 
in the same area of lesioned animals compered to con- 
trols, 43 This suggests that the ventral hippocampus 
influences tho functioning of midbrain dopamine sys- 
tems during environmental and pharmacological chal- 
lenges in different ways.* 3 

Low dose and long dunjOon of afficacy for antisense 
agents 

The abort duration of the behavioral and memory 
improvproonts^srfforded by adniinistration of tacrine 
parallels the time scale reported for the Induction by 
such inhibitors of a transcriptional activation, 4 
Together with a shift in alternative splicing this feed* 
back response causes secondary AChlvK accumulation 
facilitating the hypo cholinergic condition. 44 Recent 
reports demonstrate AChE accumulation in the cer- 
ebrospinal fluid of anticholinesterase-trcetod Alzhri- 
rner's disease patients, 43 suggesting that such feedback 
response occurs also in humans with cholinergic 
deficiencies 4 * 1 and perhaps explaining the gradual 
increase in anticholinesterase doeage that is necessary 
to maintain their palliative value in patients, 

Unlike tacrine, the temporary an tj sense suppression 
of AChE synthesis impnivws social recognition in Tg 
mice for up to S days. This requires exceedingly low 
doses (25 ng per daily treatment) of the antisense agent, 
about 104-fold lower in motor terms than tacrine con- 
centrations. Active site enzyme inhibitors should be 
administered Lu stoichiometric ratios with tho Urge 
numbers of their protein target molecules. Moreover, 
the action of such inhibitors terminates when they 
reach their target. In contrast a single chemically pro- 
tected antisense molecule can cause the destruction of 
numerous mKNA transcripts, each capable of produc- 
ing dozens of nn^t^n molecules. Assuming translation 
rates of approximately half-hour per chain and an aver- 
age half-life of several hours for each transcript* 
destruction of each mRNA chain would prevent the 
production of many protein molecules. Therefore, the 
cumulative efficacy of antisense agents can exceed that 
of protein blockers by several orders of magnltudo, 47,,B 
Moreover, the palliative effects of A5-ON destroying 
AChE-R mKNA should extend long after the AS-ON is 
destroyed, because AChE-R-induced adverse conse- 
quences would occur only above a certain threshold 
which takes time to accumulate. Therefore, tin? dose- 
dependent nature of tho adverse consequences of 
AChE-R excess makes it particularly attractive as a tar- 
get for antisense therapeutics. 

Wc have recently found that AChE-R roRNA.. having 
a long 3' untranslated domain, is significantly moro 
sensitive to antiseuse destruction than the synaptic 



transcript 15J7 AChE-RmRNA transcripts would bence 
be preferentially destroyed, so that the excess of AChE- 
R, but not much of the synaptic enzyme, would 
decrease. This effect may explain the extended dur- 
ation and increased efficacy of the antisense treatment 
in modifying hchovior and learning exclusively in 
those mice with disturbed social recognition. 

In conclusion, our study provides a tentative expla- 
nation for the behavioral impairments under imbal- 
anced cholinergic neurotransmission, nttributus much 
of these impairments to the stress-related effects of the 
AChtf'R variant and suggests the development of anti- 
sense approach to selectively ameliorate these effects . 
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SUMMARY 

1. The blood-brain barrier (BBB) protects the brain from circulating xenobiotic agents. 
The pathophysiology, time span, spatial pattern, and pathophysiological consequences of 
BBB disruptions are not known. 

2. Here, we report the quantification of BBB disruption by measuring enhancement 
levels in computerized tomography brain images. 

3. Pathological diffuse enhancement associated with elevated albumin levels in the 
cerebrospinal fluid (CSF) was observed in the cerebral cortex of 28 out of 43 patients, but 
not in controls. Four patients displayed weeks-lohg focal BBB impairment. In 19 other 
patients, BBB disruption was significantly associated with elevated blood pressure, body 
temperature, serum Cortisol, and stress-associated CSF "read through" acetylcholinesterase. 
Multielectrode electroencephalography revealed enhanced slow-wave activities in areas of 
focal BBB disruption. Thus, quantification of BBB disruption using minimally invasive 
procedures, demonstrated correlations with molecular, clinical, and physiological stress- 
associated indices. 

4. These sequelae accompany a wide range of neurological disorders, suggesting that 
persistent, detrimental BBB disruption is considerably more frequent than previously 
assumed. 



KEY WORDS: acetylcholinesterase; blood-brain barrier; cerebral cortex; computerized 
tomography. 
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INTRODUCTION 

The blood-brain barrier (BBB) separates the brain's interstitial space from the blood 
and prevents the penetrance of circulating molecules and cells into the brain (Rubin 
et al, 1999; Soreq et aL, 2000). Perturbations in the integrity of the BBB have been 
reported in both humans ( Akeson et ai, 1995; Cornford and Oldendorf, 1986; Klatzo, 
1983; Skoog et aL, 1998) and animal models (Abbruscato and Davis, 1999; Friedman 
et al y 1996) under numerous pathological conditions. In animal studies, BBB perme- 
ability can be quantitatively evaluated by measuring the concentration in the brain of 
nonpermeable radioactive materials, traceable macromolecules, or dyes (Abbruscato 
and Davis, 1999; Friedman et aL, 1996). However, none of these approaches is ap- 
plicable to humans because of their invasiveness and the potential risks involved. 
Therefore, in most human studies, BBB permeability has been estimated using brain 
imaging techniques (computerized tomography (CT) (Roman-Goldstein etal, 1994), 
magnetic resonance imaging (MRI) (Akeson et al, 1995), or single photon emission 
CT (SPECT) (Siegal et al., 2000)). Alternatively, altered serum constituents were 
searched for in the cerebrospinal fluid (CSF) (Correale et al. y 1998). However, no 
quantitative, minimally invasive approach is as yet available for evaluating BBB 
integrity. Therefore, the extent of enhanced BBB permeability among different pa- 
tients and to different molecules, as well as the clinical correlates that predict BBB 
disruption await definition. Likewise, the susceptibility of different brain subregions 
to BBB disruption and its time resolution are still unknown. Resolution of these 
issues would bear wide implications to many, as it may open the way both to ra- 
tionalized drug delivery into the brain and to avoidance of such penetrance when 
undesired. To this end, we conduced a study to develop minimally invasive means 
for quantifying BBB integrity. Here, we report the use of brain CT image analysis 
for quantitative estimation of BBB integrity in patients with various central nervous 
system (CNS) disorders. Our search for clinical conditions associated with compro- 
mised BBB suggests stress responses as a possible common denominator, points to 
the cortex as particularly vulnerable to BBB disruption, and demonstrates that such 
disruption may persist for at least several weeks. Focal abnormal cortical activity in 
areas associated with BBB disruption suggests the functional implications of such 
conditions. This may assist in future studies BBB integrity in various diseases and its 
implications to brain functioning as well as to the susceptibility to the penetrance of 
serum constituents, including drugs. 



METHODS 

Brain CT was performed using the PICKER Helical CT-TWINS (Elscint, Haifa, 
Israel). Scans were taken at the standard axial slices (5-mm intervals) before and ca. 
1 min after the injection of the contrast agent Omnipaque (1 cm 3 /kg body weight). 
"Control" brain scans were from randomly selected ambulatory patients who were 
referred for investigation, and were interpreted as "normal" by two radiologists. 
"Patients" CTs included patients who by signs and/or symptoms were suspected to 
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suffer from CNS disorders and their brain CTs interpreted as abnormal. Eighteen 
patients from this group, as part of their clinical investigation, were subjected to 
blood analysis, lumbar tap for CSF analysis and brain CT, all within 12 h. Intensity 
was measured bilaterally in Hounsfield units (Brooks, 1977) in round, 5-8-mm di- 
ameter regions of interest (ROIs). ROIs included subcutaneous tissue of the neck, 
cerebellum (2 cm lateral from the fourth ventricle), pons (one ROI at midline), tha- 
lamus (1 cm lateral from the third ventricle), white matter (at the corona radiata, 
bilateral to the anterior horns of the lateral ventricles), and gray matter (bilateral 
frontal). Using an image analysis program (Adobe PhotoShop), images (pre and 
post contrast agent administration) were differentiated so as to reveal contrast agent 
enhancement. To compare between different patients, the differential image was 
rescaled using a colored spectrum (blue to red) between water and bone densities 
(0-1000 Hounsfield Units, respectively). 

MRI was performed using a Philips "Gyroscan" T5-NT machine (power track 
1000, 0.5 T). SPECT scans were performed using a dual headed "Varicam" gamma 
camera connected to an image processing "Expert" computer (acquisition mode, for- 
mat 128 x 128 pixels 120 images — each image at 3°). BBB penetration was measured 
following the administration of the permeable compound 99m Tc-diethylenetriamine- 
pentaacetic acid (Tc-DTPA). To measure blood perfusion to brain regions, patients 
were administered (more than 48 h after the Tc-DTPA study) the freely permeable 
compound 99m Tc-ethyl cysteinate dimer (Tc-ECD) as the radioactive material. Pa- 
tient clinical indices were gathered from hospital records relating to the same day 
when scans had been performed. When more than a single value was available for a 
patient, an averaged value was deduced for up to 6 h before and after time of scanning; 

To detect the stress-associated readthrough variant of acetylcholinesterase 
(AChE-R) and its C-terminal degradation products, CSF proteins (10 ^iL, diluted 
1:10 in PBS) were separated on 4-20% polyacrylamide gels (Bio Rad laboratories, 
Hercules, CA). Albumin was detected on these gels by Ponceau staining and its mi- 
gration compared to that of commercially available albumin (Sigma Chemical Co., 
St. Louis, MO). Resultant immunoblot filters were incubated with rabbit antibodies 
elicited against a recombinant fusion protein of glutathione S-transferase (GST) and 
a peptide with the sequence of the 26 C-terminal residues of AChE-R. Antibodies 
were preimmunoabsorbed using GST beads to ensure specificity and were proven 
to interact selectively with AChE-R and not with the alternative synaptic isoform 
AChE-S (Sternfeld et aL, 2000). To detect the core AChE protein, similar blots were 
incubated with Chemicon anti-AChE antibodies. Detection was with peroxidase- 
conjugated anti-rabbit immunoglobulins and ECLTM detection (Amersham, UK). 

Electroencephalogram (EEG) recordings were collected using 23 standard scalp 
surface electrodes (Biologic Systems Corp. Mundelein, IL) according to the 10-20 
standard system with additional bilateral mastoid recordings. Electrodes impedance 
was kept below 5 kQ using abrasive skin prep-cream. EEG data were collected 
using a CEEGRAPH IV 128-channel EEG acquisition unit (Biologic Systems Corp. 
Mundelein, IL) while the patient was resting supine with eyes closed. Artifact-free 
data from all electrodes were segmented into 2-s epochs and a power spectrum for 
the entire time span was calculated for each electrode. 
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RESULTS 

Under normal conditions, the enhancement agent Omnipaque accumulates in 
peripheral tissues but does not significantly penetrate most CNS regions because of 
the functioning of the BBB. In search for impairments in BBB integrity, radiopaque- 
ness was measured (McCullough et al, 1974) before and after the injection of Om- 
nipaque. Figure 1 demonstrates these features in a cohort of 62 patients with normal 
neurological examination, who were subjected to brain CT in which pathology was ex- 
cluded ("controls"). Mean percent enhancement of radiopaqueness in the soft-tissue 
of the neck was 25.0 db 33.9 (mean ± SEM). The large intermeasured variance is likely 
due to technical (amount of the injected agent, scanning latency) and/or physiological 
(e.g., venous return, cardiac output, or cerebral blood flow) differences. Despite this 
variability, linear correlation was found between signal enhancement values in the 
two sides of the neck tissue (Fig. 1(A)). In contrast, brain signal enhancement mea- 
sured in nine different ROIs was significantly lower ((3.4 ± 1.8)%, p < 0.0001, t test) 
and displayed a much smaller variability. No correlation was found between signal 
enhancement in any brain region to that of the neck tissue, demonstrating bilateral 
impermeability of the healthy brain to Omnipaque (Fig. 1(A)). 

In 43 patients with neurological signs and symptoms suspected to be due to 
CNS abnormality ("neurological patients"), and no focal lesion was found on bCT, 
mean brain enhancement ranged at 5.9-110.2% ((12.9 ± 15.3)%, mean ± SEM). This 
enhancement, significantly higher than that in healthy controls (p < 0.001, t test), 
suggests that in neurological patients penetrance may occur often, reflecting a fre- 
quent impairment of the BBB. In 26 patients (60%) average brain enhancement was 
greater than two standard deviations from the mean enhancement in the control 
population, reflecting significant abnormal penetrance. No significant difference was 
found in soft-tissue enhancement between patients and controls, exelusing the pos- 
sibility that differences could be attributed to the amount of injected contrast agent 
or variable blood flow. In most patients, the gray and white matter of the cerebral 
cortex were the only regions to show larger enhancement than the control popula- 
tion (gray matter enhancement was 8.5 ± 13.2 and 4.5 ± 3.2 in patients and controls, 
respectively, p = 0.06, t test). Interestingly, in neurological patients percent enhance- 
ment in the left cerebral cortex showed a tendency to be higher and more variable 
than in the right side (10.3 ± 20.2 vs. 6.8 ± 13.1), although this was without statistical 
significance. 

The spatial distribution of Omnipaque penetration was also analyzed in CT scans 
from neurological patients with high enhancement values. Figure 2 shows pseudo- 
colored differential images from four patients with various extents and patterns of 
Omnipaque penetration. In normal individuals (Fig. 2(A) and data not shown), con- 
trast material was highly concentrated and limited to venous sinuses and to brain 
areas that are known to lack BBB characteristics (i.e., pineal gland and neurohy- 
pophysis) (Bakay, 1976). In patients, suffering from brain tumors with vasculature 
having abnormal BBB properties (i.e., meningiomas) (Tator and Schwartz, 1971), 
or following severe brain trauma, we were able to detect focal accumulation of the 
contrast agent in the expected location (Fig. 2(B) and data not shown). However, 
in certain cases, contrast agent accumulation was detected in brain tissue which 
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Fig. L CT enhancement in controls and neurological patients. (A) Control 
scans display impermeability to Omnipaque. All measurements were taken 
in Hounsfield units (HU) in 5-8-mm diameter ROIs (see Methods). Read- 
ings from the left side of the neck (soft tissue) were plotted as a function of 
those of the right side. Note that up to 300% bilateral enhancement was mea- 
sured in neck (soft tissue, left), and no penetrance into brain regions (right). 
(B) Selective cortical susceptibility for BBB permeation in neurological pa- 
tients. Shown are average enhancement values in controls (n = 62, open bars) 
and neurological patients (n = 43, filled bars). Stars note significantly higher 
{p < 0.05, t test) enhancement values in gray and white matter of the cerebral 
cortex (gray matter, corona radiata). 
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Fig. 2. Enhancement in variable brain regions in patients with CNS-related disorders. Shown are 
pseudocolored differential brain CT images in which signals before Omnipaque were subtracted from 
those following contrast agent injection. The color code refers to the range of radiopacity between water 
(no radiopacity, dark blue) and bone (full radiopacity, orange-red). Scale bars in all images represent 
4 cm. (A) Ambulatory patient with a normal CT, with enhancement confined to choroid plexus (arrow). 
(B) Focal enhancement (arrow) in an 8-month-old infant 1 week following head trauma. (C) Diffuse 
enhancement in a 24-year-old pregnant woman presented with eclampsia. (D) Focal enhancement 
(arrow) in a 56-year-old man presented with a focal seizure in his left hand. 



Cortical Blood-Brain Barrier Disruption 



681 



otherwise appeared normal. For example, diffuse penetration of Omnipaque into 
cortical gray matter was evident in a 24-year-old pregnant patient with decreased 
level of consciousness, who suffered from hypertensive encephalopathy (Fig. 2(C)). 
An abnormal focal enhancement to a cortical gyrus in the right fronto-parietal cortex 
was noted in another patient, presented to the emergency room with a focal seizure 
in his left hand (Fig. 2(D)). 

Next, we wished to test the spatial distribution, persistence, and consistency of 
the disrupted BBB. We therefore compared brain accumulation of three different 
contrasting agents employed in various imaging approaches. In three patients who 
were subjected to several image analyses within 1 month, focal enhancement in 
precisely the same site was found for Omnipaque (in a CT scan), gadolinium (under 
MRI analysis) or Tc-DTPA (in SPECT analysis). Figure 3 shows a series of imaging 
studies demonstrating focal and persistently disrupted BBB in one of these patients 
6 months following radiosurgery for arteriovenous malformation. One of the other 
two patients (images not shown) suffered from meningeal spread of tumor cells 
(primary CNS lymphoma) while the other from partial seizures. SPECT following 
administration of the brain nonpenetrating compound Tc-DTPA was then compared 
to perfusion analysis using the freely permeable Tc-ECD (Fig. 3(C)). In each of 
these three patients, focal BBB disruption was accompanied by decreased perfusion 
(Fig. 3(C) and data not shown). This rules out enhanced perfusion as the underlying 
cause for contrast agent accumulation. 

The retrospective nature of our study offered an apportunity for nonbiased 
exploration of clinical correlates that accompany the enhancement in CT signals 
due to BBB disruption. To this end, we analyzed the general clinical profiles as 
well as the available data on serum and CSF constituents for 19 patients who were 
investigated within 12 h for various suspected neurological disorders but no focal 
abnormality was found in CT. These patients were classified by increasing order of 
signal enhancement and divided into three equal groups, displaying low, average, and 
high, diffuse gray matter enhancement of contrast agent signals (Table I). Average 
values of patients' blood pressure, heart rate, body temperature, white blood cell 
and platelet counts, CSF and serum glucose and albumin as well as serum Cortisol 
was compared between the groups. In patients from the "low penetrance" group, the 
averaged postinjection signal generated by the contrast agent was not significantly 
different from "that of preinjection ((—1.8 ±3.8)% enhancement, mean ± SEM), 
and was significantly lower than the >10% enhancement values calculated for the 
"high penetrance" group (p — 0.001). Statistically significant differences between 
these two groups (p < 0.05, Mann-Whitney test, see Table I) were also observed 
in body temperature, systolic and diastolic blood pressure, total CSF protein, and 
serum Cortisol. The correlation (r 2 = 0.85) between enhancement values and CSF 
albumin concentration (Fig. 4(A)) further strengthens the notion that enhancement 
values indeed reflect quantitative estimations of the permeability of the BBB to large 
molecules. In all other clinical indices no significant difference was found between 
patients with low vs. high Omnipaque penetration (Table I). These findings suggest 
that inflammatory reactions in the peripheral or the CNS are not ultimate causes of 
BBB disruption (Abbott, 2000) (see Discussion). 
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Fig. 3. BBB disruption as portrayed by CT, MRI, and SPECT Shown are axiai sections from 
a single patient, where BBB disruption was evident by brain signal enhancement in CT (A), 
MRI (B), and SPECT (C) following administration of Omnipaque, gadolinium, or Tc-DTPA, 
respectively, all within 1 month. Tc-ECD was used, 2 days after Tc-DTPA administration, for 
evaluating brain perfusion demonstrating that decreased perfusion (C, left) and increased brain 
penetrance (C, middle) overlapped (C, right). 

BBB disruption could not be attributed to a single CNS pathology. In one patient 
(#16 in Table I), high CT signal enhancement was detected, yet no ovious CNS 
pathology found. In other patients, diagnosed for clinical conditions assumed to in- 
duce BBB disruption, no radiological or molecular evidence was found for increased 
BBB permeability. For example, in patients #1 and 7 who were presented with a 
generalized convulsion, CT displayed none or only mild cortical enhancement and 
no albumin was detected in their CSE In contrast, patients #15 and 17, both of whom 
also presented with a generalized convulsion, displayed high penetration. Therefore, 
the cumulative average of our clinical and biochemical markers suggests general 
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Fig. 4, BBB disruption is associated with CSF acc- 
umulation of albumin and AChE-R. (A) Albumin acc- 
umulation. Shown are albumin immunostaining fol- 
lowing gel electrophoresis of CSF proteins (top) and 
correlation analysis (bottom) between CSF albumin con- 
centrations (% of maximal level) and CT signal enhance- 
ment (% above preinjection signal intensity). Note that 
albumin concentrations are linearly correlated with CT 
signal enhancement. (B) AChE in CSF. Top: Shown is ac- 
tivity staining of CSF AChE following gel electrophoresis 
under nondenaturing conditions. Note that CSF samples 
with compromised (+) but not with intact (— ) BBB dis- 
play catalytically active AChE which co-migrates with 
recombinant (r) AChE-S or AChE-R produced in COS 
cells. Bottom: Immunoblot analyses following denatur- 
ing gel electrophoresis and incubation with antibodies 
selective for AChE-R (upper) or the C-terminally trun- 
cated AChE-core (lower). Note appearance of AChE-R 
in the same samples with AChE activity and the presence 
of proteolytic degradation products of the core AChE 
domain. 



stress responses rather than a specific neurological condition as the phenotype com- 
mon to patients with disrupted BBB. 

Several groups have previously associated stress with focal or diffused BBB 
disruption (Belova and Jonsson, 1982; Ben-Nathan et aL, 1991; Esposito et al. t 2001, 
Friedman et ai 7 1996; Sharma et aL, 1992), while others reported differently (Grauer 
et aL, 2000; Sinton et aL, 2000), possibly because of species, age, and experimental 
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manipulation differences, etc. Molecular biology approaches have associated such 
disruption with the rapid accumulation of the "readthrough" brain AChE-R iso- 
form (Kaufer et al, 1998a; Shohami et ai, 2000). To search for this AChE isoform 
in patients' CSF, we used antibodies selective for the C-terminal sequence unique 
to AChE-R. For comparison, we employed antibodies targeted to the core domain 
common to all AChE isoforms (Shohami et ai, 2000). Cytochemical staining of the 
electrophoreticaily separated CSF proteins was used to evaluate the capacity of 
CSF AChE to hydrolyze acetylthiocholine, a property common to all intact AChE 
isoforms (Soreq and Seidman, 2001). CSF samples from patients with compromised, 
but not with intact, BBB revealed conspicuous increases in catalytically active AChE 
(Fig. 4(B)). Comparative immunodetection with antibodies selective for the AChE-R 
variant indicated that these CSF samples included intact stress-associated AChE-R 
as well as degradation products from the C-terminus (Fig. 4(B)). Other AChE degra- 
dation products lacked the C-terminal peptide unique to AChE-R, as they reacted 
with antibodies targeted to the common core domain, but not to the C-terminus 
of AChE-R, and migrated faster than expected for the intact protein (Fig. 4(B)).. 
Densitometric analysis of the immunopositive AChE-R bands displayed positive 
correlation with the signal enhancement levels, with an increase from an average of 
29 ± 5 pixels for the low penetrance group to 58 ± 3 pixels for the high penetrance 
one. Further analysis will be required to test the significance of this increase in a 
larger group of patients. 

To determine whether BBB disruption is associated with altered brain electrical 
activity, EEG recordings were performed on patients who showed a focal disruption 
in imaging studies. Figure 5 shows the results of such correlation in a 46-year-old fe- 
male patient who suffered recurrent sensory disturbances in her right hand 12 months 
following the complete removal of a small meningioma. While MRI ruled out tumor 
recurrence, SPECT-DTPA showed abnormal BBB in cortical areas adjacent to the 
site of surgery (Fig. 5(A)). Power spectrum analyses of this patient's EEG showed 
clear increases in abnormal slow waves (3-6 Hz). This was associated with high al- 
pha waves (10 Hz) activity in the records collected from the C3, but not from the 
C4 electrode in the contra lateral hemisphere (Fig. 5(B)). The location of these sur- 
, face wave patterns matched that of a cortical area suffering from disrupted BBB 
(Fig. 5(B)). 



DISCUSSION 

In search for a minimally invasive approach for quantifying and characterizing 
BBB disruption in humans, we validated the use of CT brain imaging. Abnormal en- 
hancement of brain CT signals was detected in over one half of neurological patients 
but not in ambulatory patients without neurological abnormalities. CSF albumin con- 
centrations suggest that this abnormal enhancement reflects the extent of BBB dis- 
ruption. Signal enhancement was also associated with significant increases in blood 
pressure, serum Cortisol, and body temperature; in contrast, heart rate and WBC 
count appeared unrelated with BBB disruption. Focal BBB disruption correlated 
spatially with abnormal EEG, reflecting corresponding focal changes in neuronal 
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activity, as found by EEG recordings. These colonized changes indicate the impor- 
tance of an intact BBB for the maintenance of normal brain function. The significant 
increase in CSF AChE-R accumulation in the CSF of patients with BBB disruption 
further emphasizes the linkage between the cholinergic system, stress, and the control 
over BBB permeability. Rather unexpectedly, in several patients, stable penetration 
patterns were observed during several weeks of clinical investigation. This suggests 
that BBB breakdown may persist for a long period, emphasizing the importance of 
the use of brain imaging for diagnosis/Recognition of BBB disruption may, in turn, 
call for adjustment of the treatment protocol for these patients. 

The observed high incidence and persistence of BBB disruption bears both 
clinical and basic research implications at several levels. Regardless of the contrast 
agent employed, each of the brain imaging approaches yielded similar locations and 
apparent extent of BBB disruption. This reinforces the concept that BBB disruption 
may be confined to specific brain areas. The more intense general enhancement in 
the cerebral cortex most likely reflects a particular vulnerability of this region to 
BBB disruption. 

The cerebral cortex microvasculature differs from other brain regions in the 
mechanisms controlling its blood flow (Inanami et ai, 1992) as well as in its choliner- 
gic receptors' distribution (Elhusseiny et aL, 1999), and afferent innervation (Triguero 
et aL, 1988). This further raises the possibility that the barrier function at the level 
of the cerebral cortex can be modulated by neuronal activity. For example, BBB 
permeability has been known to increase following activation of the noradrener- 
gic locus coeruleus (Raichle et aL, 1975). Our imaging analysis supports previous 
reports showing BBB breakdown in epileptic patients (Cornford and Oldendorf, 
1986); however, in our patients, persistent BBB disruption was observed in the ab- 
sence of any evidence for active epileptic foci. Although it is generally assumed that 
seizures induce BBB disruption, it is not known how increased BBB permeability 
effects the physiological response of neurons. However, cortical neurons are known 
for their vulnerability to small changes in their extracellular environment (Lux, 1980; 
Schwartzkroin et aL, 1998) and for their tendency to develop synchronous epileptic 
activity (Jefferys, 1988). This raises the possibility of consequent neuronal toxic- 
ity (Charriaut-Marlangue et aL, 1996; Meldrum, 1993) in areas of persistent BBB 
disruption. Indeed, Kadota et aL (1997) reported that hippocampal neurons dis- 
play excitotoxic damage following local serum infusion. Moreover, stress-induced 
cytokines, hormones, or small molecules such as nitric oxide (van Amsterdam and 
Opperhuizen, 1999) may be expected by preferentially affect cortical neurons and 
glial cells (Sapolsky, 1996). 

At the molecular level, this study adds AChE-R to albumin as a CSF- 
accumulated marker of BBB disruption. Persistent stress-induced accumulation of 
the AChE-R protein therefore emerges as a stress response that is common to rodents 
and humans. The immediate source of AChE-R in human CSF can be the circula- 
tion, like albumin/Alternatively, or in addition, this secretory soluble protein may 
reach the CSF from stress-responding brain neurons (Shohami et aL, 2000) and/or 
. endothelial cells lining vascular brain capillaries (Flumerfelt et aL, 1973). AChE-R 
degradation products may reflect the stress-induced increase in proteases (Chan 
and Mattson,-1999). 
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Apart from convulsions, with the highest predicted value for BBB disruption, 
our findings could only correlate this' phenomenon with the intensity of stress re- 
sponses. However, the mechanisms underlying stress-associated BBB disruption are 
yet to be found. Inflammatory responses (Rhodin et al, 1999), hemodynamic changes 
(i.e. blood pressure) (Robinson and Moody, 1980), and brain-derived modulators are 
all possible candidates. Individual variations in BBB disruption may also be due to its 
being a complex genetic trait. For example, recent findings of signal transduction in 
brain endothelial cells attribute rapid and long-lasting changes in their functioning to 
the NO-synthase cascade (Calingasan et al., 1998). Administration of NO-synthase 
inhibitors was indeed shown to reduce meningitis-associated BBB disruption in ro- 
dents (Boje, 1996). This calls for seeking potential correlations(s) between compro- 
mised BBB in patients and the NO pathway. Another example refers to the multiple 
drug resistance (mdrla) gene, which encodes the drug transporting P-glycoprotein 
that resides in the BBB. Genomic disruption of mdrla induces up to 10-fold increases 
in the uptake of dexamethasone into the mouse brain (Meijer et al., 1998). This raises 
the general question whether patients under massive drug treatments, in whom the 
mdrla protein is fully saturated, develop transiently modulated susceptibility for 
BBB disruption. A yet more specific example is that of the "atypical" allele of bu- 
tyrylcholinesterase (BChE) (Loewenstein-Lichtenstein et al, 1995), which increases 
the brain permeation of cholinesterase inhibitors due to reduced scavenging of such 
poisons in the circulation. Homozygous carriers of this allele may present genetic 
predisposition to hypersensitivity for BBB disruption under anticholinesterase ex- 
posure. Also relevant is polymorphism in a specific isof orm of glutathione transferase 
(GSTp), which resides in endothelial cells of brain vasculature and protects the brain 
tissue from penetration of xenobiotics. One of the GSTp variants, with impaired sub- 
strate specificity, was found with much higher incidence in patients with Parkinson's 
disease, as compared to controls (Menegon etal, 1998). The common denominator to 
all of the genes with apparent linkage to BBB disruption (mdrla, GSTp, BCHE, and 
NO synthase) is that they are all involved in scavenging processes. Acquired hyper- 
sensitivity because of previous drug or chemical exposure may hence provide a major 
cause of BBB disruption (Kaufer et al., 1998b). Increases in the risk for developing 
Parkinson's disease were indeed reported following exposure to brain-penetrable 
chemicals (e.g., lead from batteries (Kuhn et al, 1998) and organophosphorous in- 
secticides (Senanayake and Sanmuganathan, 1995)). These acquired and inherited 
risks may point to the intriguing possibility that BBB disruption is causally involved 
with neurodegenerative diseases, so that its impaired maintenance may be relevant to 
both acute and delayed syndromes. While our study points to stress as an important 
cause underlying prolonged BBB disruption in humans, future research will elucidate 
the association between such disruption and stress-related excitotoxic brain damage 
(Haley et al, 2000; Sapolsky, 1996). 
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Abstract 

Endotoxin stimulation of the immune system produces marked alterations in memory functioning. How- 
ever, molecular links between this cognitive response and infection-responding neurotransmission pathways 
are still unknown. The cytokine and memory responses of volunteers injected with 0.8 ng/kg Salmonella endo- 
toxin were compared with changes in plasma levels and integrity of the stress-induced acetylcholinesterase 
variant, AChE-R. Vascular endothelial cells were found to express AChE-R messenger RNA and protein both 
in healthy and inflamed human tissues. Plasma AChE activity was reduced after endotoxin treatment, but not 
placebo treatment, parallel to the decline in Cortisol after the endo toxin-induced peak and inversely to the accu- 
mulation of a C-terminal immunopositive AChE-R peptide of 36 amino acid residues. AChE-R cleavage coin- 
cided with significant endotoxin-induced improvement in working memory and impairment in declarative 
memory. By 3 h posttreatment, working memory improvement was negatively correlated with AChE-R cleav- 
age, which showed association to proinflammatory cytokine levels. By 9 h posttreatment, declarative memory 
impairment was negatively correlated with AChE-R cleavage and positively correlated with the suppressed 
AChE activity Endotoxin-induced peripheral cholinergic stress responses are associated with greater impair- 
ment in declarative memory and lower improvement in working memory, pointing at AChE-R as a surrogate 
marker of psycho neuro immunological stress. 

Index Entries: Acetylcholinesterase; Cortisol; cytokines; endotoxin; inflammation; declarative memory; 
working memory. 



Introduction 

Numerous medical conditions involve memory 
disturbances (e.g., Alzheimer's disease (Arendt 
2001), multiple sclerosis (Thornton 2002), acquired 
immunodeficiency syndrome (Navia 1986), and 
infectious diseases (Capuron 1999). Parallel inflam- 
matory responses and production of cytokines, par- 



ticularly within the brain, raised the suggestion that 
illness-associated alterations in memory function- 
ing are at least partly mediated by immune activa- 
tion (Yirmiya, 1997; Maier and Watkins, 1998; Rachal 
Pugh, 2001). Cytokine-induced memory impair- 
ments in humans, including cancer and hepatitis C 
patients (Meyers, 1999; Capuron, 2001), as well as in 
experimental animals (Oitzl, 1993; Gibertini, 1996), 



'Author to whom all correspondence and reprint requests should be addressed: E-mail: soreq@cc.huji.ac.il 
3 Present address: Department of Psychiatry, Mt. Sinai School of Medicine, New York, NY. 



Journal of Molecular Neuroscience 



195 



Volume 21, 2003 



196 



Cohen et ai 



support this notion. Thus, as with many other stress- 
ful stimuli that are known to affect learning and 
memory processes (Kim and Diamond, 2002), inflam- 
mation can cause marked alterations in memory 
functioning. 

Administration of endotoxin (lipopolysaccharide), 
a complex glycolipid found in the outer membrane 
of all Gram-negative bacteria, serves to assess the 
cognitive consequences of the acute host response to 
infection in humans. Endotoxin administration 
induces fever, malaise, and increased production and 
secretion of cytokines, particularly tumor necrosis 
factor (TNF)-a, interleukin (IL)-6, IL-1 and IL-lra, 
and Cortisol (for review see Burrell, 1994), as well as 
proteases (Fahmi and Chaby, 1994). In healthy 
humans, endotoxin-induced cytokine secretion is cor- 
related with impairments in verbal and nonverbal 
declarative memory functions (Reichenberg, 2001). 

Memory deficits and profound neurobehavioral 
and neuroendocrine symptoms were also reported 
to be correlated with endotoxin-induced secretion 
of cytokines in experimental animals (Pugh, 1998; 
Hauss-Wegrzyniak, 2000; Shaw, 2001). Although 
these findings suggest that cytokines are involved 
in mediating the effects of endotoxin on memory, 
little is known about the neurotransmission path- 
ways associated with these cytokine activities. We 
initiated a search into the possibility that choliner- 
gic processes are relevant to endotoxin responses 
because, in the central nervous system, cholinergic 
responses are notably involved in several important 
aspects of cognitive functioning, including atten- 
tion, learning, and memory (for reviews, see Segal 
and Auerbach, 1997; Levin and Simon, 1998). More- 
over, endotoxin decreases brain choline acetyl- 
transferase activity (Willard, 1999), similar to the 
effects of psychological stress (Kaufer, 1998). In the 
periphery, endogenous or exogenous acetylcholine 
(ACh) attenuates the release of proinflammatory 
cytokines from endotoxin-stimulated human 
macrophages (Tracey, 2001; Borovikova, 2000; 
Bernik, 2002) . The ACh-hydrolyzing enzyme acetyl- 
cholinesterase (AChE) was considered potentially 
being of particular relevance to these processes 
because AChE controls ACh levels and because 
AChE inhibitors improve cognitive functions in both 
clinical and experimental paradigms (Weinstock, 
1995; Palmer, 2002). Moreover, AChE overexpres- 
sion is triggered by acute and chronic stressful insults 
(Meshorer, 2002) and induces progressive memory 
impairments, as was demonstrated in transgenic 
mice (Beeri, 1995). 



Stress-induced transcriptional activation of AChE 
gene expression is associated with accumulation of 
the normally rare "read through" AChE-R splice vari- 
ant (Soreq and Seidman, 2001). In the short range, 
the AChE-R excess reduces the stress-induced cholin- 
ergic hyperexcitation (Kaufer, 1998); in the long 
range, it induces hypersensitivity to cholinergic ago- 
nists and antagonists (Meshorer, 2002) and, when 
inherited, limits stress-induced neuropathologies 
(Sternfeld, 2000). Mice that overexpress both 
AChE-S and AChE-R present progressive dendritic 
and spine loss (Beeri, 1997), as well as altered anxi- 
ety responses (Erb, 2001). Furthermore, these mice 
display early-onset deficits in social recognition and 
exaggerated responsiveness to stressful insults. 
These can be briefly ameliorated by conventional 
anticholinesterase treatment or for longer periods 
by an antisense oligonucleotide capable of specifi- 
cally inducing the destruction of AChE-R messen- 
ger RNA (mRNA) (Cohen, 2002), suggesting that 
AChE-R is the primary cause. Thus, AChE-R pro- 
duction may lead to both positive and negative 
effects on cognition. 

The role of cholinergic mechanisms in learning 
and memory, the involvement of AChE-R in stress 
responses, the suppression by ACh of proinflam- 
matory cytokines production, and the effects of endo- 
toxin on memory functions suggested involvement 
of AChE-R in mediating endotoxin-induced memory 
alterations. Stressful insults induce AChE-R pro- 
duction in the periphery as well (e.g., in the small 
intestines), and failure to induce this production in 
response to aversive stimuli results in hypersensi- 
tivity to relatively mild stressors (Shapira, 2000). 
This raised the possibility that peripheral AChE 
modulations may serve as a surrogate marker of 
endotoxin-induced changes in cognition as well. 
However, in plasma, proteolytic cleavage of AChE-R 
leads to the appearance in the serum of a short 
immunopbsitive C- terminal peptide, which facili- 
tates the hematopoietic stress responses (Grisaru, 
2001). Hence, we investigated the effects of endo- 
toxin administration on both AChE activity and 
AChE-R cleavage in healthy human volunteers and 
explored potential correlations between these para- 
meters, the secretion of cytokines or Cortisol, and 
changes with time in memory functions. In addition 
to declarative memory, which involves consciously 
accessible records of facts and events through con- 
certed functioning of hippocampal and prefrontal 
structures (Kim and Diamond, 2002), we also 
assessed the effects of endotoxin and its interactions 
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with AChE cleavage on working memory; which 
involves temporary storage and manipulation of 
information necessary for cognitive functioning 
(Baddeley, 1992) and has been shown to involve pre- 
frontal cholinergic mechanisms (Furey, 2000). 

Methods 

Subjects 

Ten male subjects participated in the study, which 
was approved by an independent ethics committee. 
Subjects recruitment as well as physical and psy- 
chiatricscreeningweredescribed in detail elsewhere 
(Reichenberg, 2001). The current study involved a 
subset of the subjects included in the previous pro- 
ject, with serum AChE and working memory tests 
added. Interviews by experienced psychiatrists 
excluded the presence and the history of any axis I 
psychiatric disorder according to the Diagnostic and 
Statistical Manual for Mental Disorders-IV (Amer- 
ican Psychiatric Association, 1994). Only subjects 
who successfully passed the screening procedure, 
and signed an informed consent form were consid- 
ered eligible to participate. Comprehensive assess- 
ment was performed and involved each subject going 
through a number of physical and neuropsycho- 
logical tests in a clinical research unit using a bal- 
anced, randomized, double-blind, crossover design. 

Procedure 

All technical equipment, including the blood sam- 
pling device, was housed in a room adjacent to the 
sound-shielded experimental room. Every subject 
passed two 10-d-apart testing sessions and spent the 
night before each experimental session in the 
research unit. A battery of neuropsychological tests, 
assessing memory, learning, and attention was given 
for adaptation upon their first arrival in the evening, 
minimizing subsequent practice effects (McCaffrey 
and Lynch, 1992). Alternate versions of these tests 
were used in the experimental testing sessions. The 
next morning, an intravenous (iv) cannula was 
inserted into an antecubital forearm vein for inter- 
mittentblood sampling and iv injection of endotoxin 
(0.8 ng Salmonella abortus equi endotoxin per kilo- 
gram of body weight) in one session or the same 
volume of 0.9% NaCl (saline) solution on the other 
occasion (placebo). The order of injections was bal- 
anced, so that half of the subjects received the saline 
injection and half received the endotoxin injection 
first. No significant differences were found between 
the groups defined by the treatment order in either 



age, years of education, or body weight. The exper- 
imenter and the subject were blind with respect to 
the group assignment. During each session, subjects 
were tested three times, at 1-2, 3-4, and 9-10 h post- 
injection. Blood was collected at baseline before iv 
injection and at the beginning of each testing period. 
Rectal temperature was measured continuously 
using a thermistor probe. Self-reported physical sick- 
ness symptoms (headaches, muscle pain, shivering, 
nausea, breathing difficulties, and fatigue) were 
assessed at the end of each testing period, by a ques- 
tionnaire using a 5-point Likert scale (0 = no symp- 
toms, 4 = very severe symptoms). . 

Salmonella abortus equi Endotoxin 

Prepared for use in humans, this endotoxin was 
available as a sterile solution free of proteins and 
nucleic acids. The endotoxin preparation employed 
has proven to be safe in various studies of other 
groups (for review, see Burrell, 1994)) and in studies 
at the Max Planck Institute of Psychiatry, including 
more than 100 subjects since 1991 (Pollmacher, 1996). 

Plasma Levels of AChE and Its Degradation 
Product, Cytokines, and Cortisol 

Blood was collected in tubes containing Na-EDTA 
and aprotinin and was immediately cehtrifuged. 
Plasma was aliquoted and frozen to -80°C. AChE 
catalytic activity was measured as the capacity for 
acetylthiocholine ( ATCh) hydrolysis in the presence 
of 1 x 10~ 5 M tetraisopropylpyrophosphoramidate 
(iso-OMPA), a selective inhibitor' of serum butyryl- 
cholinesterase (BChE; Soreq and Glick, 2000). Endo- 
toxin-induced differences were calculated by 
subtracting activities in the absence of endotoxin, 
with each individual serving as its own control and 
daily hour carefully matched. To evaluate AChE-R 
concentrations and integrity, plasma proteins (40|ig) 
were subjected to 4-20% polyacrylamide gel elec- 
trophoresis under fully denaturating conditions 
(Bio-Rad Laboratories, Hercules, CA), blotted to 
nitrocellulose filters, incubated with rabbit anti- 
AChE-R antibodies (Sternf eld, 2000) and peroxidase- 

conjugated anti-rabbit immunoglobulins, and 

subjected to ECL detection (Amersham Pharmacia p[£ as 
Biotech, UK), densitometric analysis, and quantifi- spe |f 
cation as described (Shohami, 2000). The plasma ECL. 

levels of Cortisol were determined by a radioim- 

munoassay, and the plasma levels of cytokines and 
soluble cytokine receptors were assessed by com- 
mercial enzyme-linked immunosorbent assays (for 
more details see Mullington, 2000). 
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Labeling AChE-R mRNA and Its Protein Product 
in Vascular Endothelial Cells 

Fluorescent in situ hybridization and immuno- 
histochemistry of AChE-R mRNA and AChE-R pro- 
tein were performed and quantified as reported 
(Cohen, 2002; Perry, 2002) using paraffin-embedded 
tissue sections from surgically removed biopsies of 
patients with or without clinical inflammation result- 
ing from nonspecific kidney vasculitis or after kidney 
rejection. 

MALDI'TOF-MS Analysis of Immunolabeled 
Proteins 

Matrix-assisted laser desorption/ ionization time- 
of-flight mass spectrometry (MALDI-TOF-MS) was 
employed in an attempt to identify the protein and 
peptide bands labeled by anti- AChE-R antibodies in 
blotted membranes. Proteolytic degradation of the 
gel-eluted peptide was performed using the endo- 
protease LysC from Achromobacterlyticus (Wako 
Chemicals, Inc., USA) at a substrate to enzyme ratio 
of 200:1. Digestion was carried out overnight in 
0.05MTris-HCl,pH 9.0, containing 4 M urea at30°C 



Au: 

Provide 
city and 
state for 
Wako 
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Is- Declarative memory was assessed using the Story 

* Recall test (Green and Allen, 1995): subjects were 
requested to repeat a 25-item story from memory 
immediately, and 30 min after presentation. The total 
number of correct verbatim recall was counted. 
Memory span and working memory were assessed 
using the Digit Span Forward & Backward (Wechsler, 
1987): subjects were requested to repeat lists of digits 
with increased number of digits every two lists either 
in the correct order of presentation {forward condi- 
tion, assessment of span) or in a reversed order {back- 
ward condition, assessment of working memory). The 
number of lists correctly repeated was counted. 
Attention was assessed using the Ruff 2 & 7 cancel- 
lation test (Ruff and Allen, 1996): Subjects were 
instructed to mark either the digit 2 or the digit 7, 
which are randomly placed either between letters or 
between digits. The numbers of correct responses in 
a 5- min trial were counted. 

Statistical Analyses 

The main hypotheses concerning treatment effects 
on AChE activity, AChE-R levels, and neuropsy- 
chological performance were tested using repeated 
measure analysis of variance models (ANOVAs). 
Repeated measure ANOVAs werealso used to exam- 
ine the treatment effect on physical sickness symp- 



toms, on plasma levels of cytokines and Cortisol and 
on body temperature. The level of significance was 
set at the critical value of p < = 0.05 (two-tailed). 
Whenever significant treatment-by-time interactions 
were found, the simple effects were analyzed as sug- 
gested (Winer, 1991), and Tukey's adjustments were 
applied. 

To assess the associations between changes from 
the placebo to the endotoxin condition in AChE 
activity, AChE-R levels, and physiological (cytokines 
and Cortisol secretion), and neuropsychological 
parameters, Pearson's correlation coefficients were 
calculated. 

No deviation from normal distributions was evi- 
dent for any of the dependent variables. No uni- 
variate outliers were found using Z-scores and no 
multivariate outliers were found using the Maha- 
lanobis distance (Tabachnick and Fidell, 2001). To 
adjust for any nonhomogeneity of covariance for the 
within-subject effects, we used p values that were 
adjusted using the Huynh-Feldt method (Norusis, 
1994). Analyses were carried out using SPSS 10. 

Results 

Endotoxin Induces Impairments 
in AChE-R Activity and Integrity 

Endotoxin administration produced a time- 
dependent decrease in plasma AChE activity, mea- 
sured by quantifying the rate of ATCh hydrolysis in 
the presence of the butyrylcholinesterase (BChE) 
inhibitor iso-OMPA. This reduction displayed a sig- 
nificant treatment-by-time interaction (Fig. 1A), 
(F(2,16) = 3.94, p < = 0.04). Saline administration 
(placebo) caused no change in AChE activity, exclud- 
ing the possibilities that it was induced by the injec- 
tion stress or by circadian influences. The decline in 
hydrolytic activity could potentially reflect losses in 
the AChE protein. To test this possibility, elec- 
trophoretically separated plasma proteins were 
immune-reacted with antibodies selective for the 
C-terminal peptide unique to AChE-R (Sternfeld, 

2000) . These antibodies labeled a 66-kd protein, likely 
to be full-length AChE-R, as well as a shorter pep- 
tide with an apparent size of 6.5kd. A parallel label- 
ing pattern in the serum of stressed mice (Grisaru, 

2001) raised the suggestion that this was an 
immuhopositive C-terminus cleavage product of 
AChE-R. Endotoxin administration induced a slight, 
yet persistent, increase in the AChE-R cleavage prod- 
uct (Fig. 1 B,C). This increase did not reach statisti- 
cal significance [F(l,8) = 2.32, p < = 0.16, for treatment 
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Fig. 1 . Changes over time in the plasma levels of AChE activity and in AChE-R cleavage. (A) Hydrolytic activities. 
Shown are plasma AChE activities (mean ± SEM) for 10 volunteers injected twice/ with endotoxin or saline (placebo) at 
the noted intervals after injection. Preinjection (baseline) AChE level was considered as 1 00% for each individual. Aster- 
isks denote statistical difference (p < 0.05). (B) Immunoblot. Shown are consecutive results for one individual. Plasma 
samples were electrophoresed by SDS-PAGE, and the blot immunoreacted with anti-AChE-R antibodies. Note the 
6.5 kDa AChE-R cleavage product. Left lanes indicate the response to a placebo injection; right lanes demonstrate ele- 
vated AChE-R cleavage in response to endotoxin. (C) Densitometric intensities. Shown are average values (mean ±S.E.M.) 
of the rapidly migrating AChE-R cleavage product in plasma of the endotoxin and placebo treated individuals (Methods) 
as % of baseline (described in A). Note: Elevated AChE-R cleavage in endotox in-treated subjects coappeared with 
decreased AChE activity. (D) Association analysis. Highly significant negative association (correlation coefficient, 
r =-0.65) emerged between the increases in AChE-R cleavage and the decrease in AChE activity under endotoxin during 
the last testing period (t = 9 h); Each dot represents a single individual. 



effect) (Fig. 1C). However, at 9 h posttreatment, the 
endotoxin-incluced decrease in AChE activity was 
significantly correlated with endotoxin-induced 
increase in AChE-R cleavage (r = -0.65) (Fig. ID). 

MALDI-TOF-MS Analysis of AChE-R 
Cleavage Product 

To further characterize the AChE-R cleavage prod- 
uct, larger plasma samples (180 ug/lane) were 
resolved by electrophoresis. Protein bands that comi- 
grated with the bands labeled with anti-AChE-R 
antibodies were cut out of the gel and subjected to 
MALDI-TOF-MS analyses. The elution product of 
the larger band was identified as being mainly com- 
posed of serum albumin (molecular weight, 69367), 
compatible with the assumption that AChE-R is only 
a minor component in this size fraction of human 
serum proteins. The shorter peptide eluted from the 



excised band, however, revealed a single peak with 
a molecular massof 3613-3615. Figure2 demonstrates 
the MALDI-TOF-MS profile of this eluted peptide. 
Peptide property calculations positioned the pre- 
sumed proteolytic cleavage site 36 residues from the 
C-terminus of AChE-R, with a calculated mass of 
361 4. Under these assumptions, cleavage could occur 
between asparagine and arginine residues upstream 
to the AChE-R diversion site (Fig. 2). 

Parallel size peptides were observed in gel-eluted 
products from several individuals, demonstrating 
consistent cleavage processes. LysC proteolysis 
failed to further shorten this peptide. Edman 
degradation was unsuccessful, perhaps because of 
N-terminal blockade, and further experiments were 
preven ted because of lack of material. The mass spec- 
trometry approach thus pointed, although incon- 
clusively, at an AChE-R cleavage site in human 
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Fig. 2. Mass spectroscopy of gel-eluted band. Shown is the outcome of electron spray mass spectrometry analysis of 
the gel-eluted rapidly migrating band that immunpreacted with anti-AChE-R antibodies (Methods). Note that the main 
peptide displayed a molecular mass of 3613-361 5. Calculation of predicted masses positioned the presumed proteolytic 
cleavage site 36 residues from the C-terminus of AChE-R, between asparagine and arginine residues in the sequence 
presented, with the presumed cleavage site arrowed and the diversion site starred. 



plasma under endotoxic stress near the C-terminal . 
splice site that marks the deviation between human 
AChfi splice variants. 

Vascular Endothelial Cells Produce AChE-R 

In search for the potential cell type origin of plasma 
AChE-R, we performed fluorescent in situ hybridiza- 
tion (FISH) and immunohistochemistry on human 
tissues from patients with or without inflammatory 
diseases (e.g., kidney vasculitis). Vascular endothe- 
lial cells displayed labeling with both AChE-R com- 
plementary RNA and anti-AChE-R antibodies 
(Fig. 3A,B). Quantification of signal intensities 
revealed considerable similarities between AChE-R 
mRNA and AChE-R protein levels in patients with 
or without inflammatory vasculitis, so that tissues 
with less pronounced mRNA labeling also dis- 
played fainter protein labeling (Fig. 3C). This pointed 
at vascular endothelial cells, which also harbor 



non-neuronal nicotinic acetylcholine receptors 
(Heeschen, 2002) as a probable site of continuous 
plasma AChE-R production. 

AChE-R Cleavage Is Associated 
with Cytokines Secretion 

Endotoxin induced a transient, significant increase 
in the plasma levels of Cortisol, TNF-ot, and IL-6 
(Fig. 4A-C), but does not produce any significant 
effects on the subjective rating of physical or behav- 
ioral sickness symptoms (Reichenberg, 2001). The 
selective increase in peripheral cytokine levels in the 
absence of subjective central nervous system effects 
on cognitive or intellectual function suggested that 
changes in memory functions under these condi- 
tions would reflect objective endotoxin-induced 
alterations. Cortisol levels increased during the first 
and second testing periods, TNF-a and IL-6 peaked 
during the first testing period and decreased there- 
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Fig. 3. AChE-R is expressed in human vascular endothe- 
lial cells from various tissues. (A) AChE-R mRNA. Shown are 
the results of in situ hybridization using a 5'-biotinylated 
cRN A probe selective for the AChE-R mRNA variant on 
sections of human vascular endothelial cells affected by an 
inflammatory process (skin hypersensitivity vasculitis; label- 
ing is seen as pink color, red arrow). (B) AChE-R protein. 
Shown is an immunomicrograph of human kidney vascu- 
lar endothelial cells from a patient with vasculitis, labeled 
with antibodies targeted at the AChE-R C-terminal peptide 
(red arrow). (C) Image analysis. Shown are average AChE- 
R mRNA and AChE-R protein labeling intensities (black and 
white columns, respectively), in kidney, skin, and muscle 
vascular endothelial cells (mean values ± S.E.M) as the per- 
centage of red pixels, falling within a defined intensity range. 



after, and rectal temperature (not shown) peaked 
during the second period. These time-dependent 
effects were reflected by significant treatment-by- 
time interactions [¥(2,16) = 41 .2, 10.6, 10.5, 3.2, respec- 
tively, all p < 0.05, by H-F]. 

At each testing period, correlation analysis enabled 
the comparison between the biochemical and 
functional responses of tested individuals. Thus, 
endotoxin-induced AChE-R cleavage (computed as 
the change in a certain individual from the endotoxin 
to the placebo condition) was significantly (p < 0.05) 
and positively correlated with the secretion of Corti- 
sol, during the last testing period (r = 0.70) (Fig. 4A). 
AChE-R cleavage was significantly (p < 0.01 ) and neg- 
atively correlated with the secretion of TNF-a and 



□ Placebo 
■ Endotoxin 




Hours after injection A AChE-R cleavage product 

Fig. 4. Bidirectional associations between AChE-R cleav- 
age and the changes in Cortisol and cytokines. Shown are 
average ± S.E.M. changes with time (left) in the plasma levels 
of Cortisol (A), TNF-a, (B) and IL-6 (C) of the 10 patients 
treated with endotoxin or placebo, and the associations 
(right) at the noted time points between these changes and 
the changes in AChE-R cleavage (measured by densi to met- 
ric quantification of the C-terminus AChE-R cleavage prod- 
uct), r = correlation coefficient; t = time after injection. 



IL-6 during the first (r = -0.72 and -0.66, respectively) 
(Fig. 4 3,0, but not later testing periods. 

AChE-R Cleavage Is Associated 

with Endotoxin-lnduced Impairments 
in Declarative Memory 

Endotoxin administration decreased the perfor- 
mance in tests of declarative memory during all 
testing periods. This was reflected by decreased 
immediate recall of story items [F(l,8) = 6.5, 
p < = 0.03] (Fig. 5A) and reduced delayed story recall 
[F(l,8) = 3.5, p < = 0.09] (data not shown). Endotoxin- 
induced decrease in immediate and delayed recall 
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Fig. 5. Endotoxin impairs declarative memory. Shown are 
average ± S.E.M. values for the performance in the imme- 
diate story recall test of the endotoxin and placebo treated 
individuals at the noted time following treatment as well as 
the associations of the changes in these values at 9 hpostin- 
jectiori with the changes in AChE-R cleavage (B) and AChE 
activity (C). 

of story items was significantly (p < 0.05) and nega- 
tively associated with TNF-a and IL-6 secretion (r = 
-0.59 to -0.67) during the' first, but not during other, 
testing periods (data not shown), suggesting the 
potential involvement of additional mechanism(s) 
in endotoxin-induced impairments in declarative 
memory At the last testing period, the endotoxin- 
induced decrease in immediate recall of story items 
was significantly (/? < 0.05) and negatively (r = -0.63) 
associated with AChE-R cleavage (Fig. 5B), indicat- 
ing that the consequent increase in ACh levels, per- 
haps in conjunction with continuously suppressed 
cytokine production, interferes with declarative 



-MM* o ido M 

AChE-R cleavage prodiiet. 

Fig. 6. Endotoxin-induced improvement in working 
memory. Shown are the performance values (average ± 
S.E.M.) in the span background test for the endotoxin and 
placebo treated individuals (A) and the association of the 
changes in this performance at 3 h postinjection with the 
changes in AChE-R cleavage (B). r- correlation coefficient, 
t ~ time after injection. 



memory. This notion was supported by the positive 
(r - 0.68) association of declarative memory impair- 
ments with the decrease in AChE activity during 
the last testing period (Fig. 5C), when cytokine 
levels already receded, but not during earlier test- 
ing periods. 

AChE-R Cleavage Association with Improved 
Working Memory 

Endotoxin administration induced a, significant 
improvement in working memory performance, 
reflected by an increased score in the digit span back- 
ward test during all testing periods [F(l,8) = 12.3, 
p < = 0.008] (Fig. 6A). No significant changes in the 
digit span forward test (assessing memory span) or 
on the attention test (Ruff 2 & 7 cancellation test) 
were evident (data not shown), emphasizing the 
selectivity of the observed differences. 

The endotoxin-induced improvement in working 
memory performance showed no significant asso- 
ciation with the secretion of TNF-a, IL-6 or Cortisol,' 
yet was negatively associated with AChE-R cleav- 
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age. Association was significant (p < 0.05) during the ative memory (3 h vs 9 h postinjection, respectively), 
second and third testing periods (r = -0.84 and -0.64, At the first testing period, the endotoxin-induced 

respectively) (Fig. 6B and data not shown). Thus, cytokine secretion was at its peak, whereas the 

subjects with a greater endotoxin-induced elevation change in AChE-R cleavage was minimal. Never- 

in AChE-R cleavage (and, presumably, larger theless, the endotoxin-induced secretion of TNF-a 

increases in ACh levels) showed both lower endo- and IL-6 was negatively associated with AChE-R 

toxin-induced improvement in working memory cleavage during the first testing period, but not at 

functioning, and greater endotoxin-induced impair- later time points. This pattern is compatible with 

ment in declarative memory. AChE-R cleavage and the resultant increase in ACh- 

suppressing cytokine secretion. Increased endo- 

DiscUSSion toxin-induced proteolysis (Fahmi and Chaby, 1994; 

Roberts and Jones, 1997) could explain both the 
Administration of a low dose of endotoxin to enhanced cleavage of plasma AChE-R and the sup- 
healthy volunteers induces secretion of proinflam- pressed AChE activity That ACh attenuates the pro- 
ma tory cytokines and Cortisol, compromises cholin- duction of proinflammatory cytokines (Tracey, 2001 ; 
ergic homeostasis, and alters memory. Both Bernik, 2002) is compatible with causal involvement 
psychological (e.g., Maes, 1998), and physical (e.g., for circulation ACh in this process. 
Goodman, 1990) stressors are likewise associated Unlike brain neurons and intestinal epithelium, 

with the production of proinflammatory cytokines which overproduce AChE-R under stressful insults 

(including TNF-a and IL-6) in humans. Exposure to (Shapira, 2000; Meshorer, 2002), vascular endothelial Au: Is 

stressful stimuli exerts profound effects on cholin- cells express AChE-R mRNA and its protein product ^^Jljlf 1 

ergic homeostasis in general and on the production under widely variable conditions. Therefore, vascu- unable to 

and cellular distribution of AChE-R in particular, lar endothel is a potentially continuous source for verify. 

Therefore, experimental endotoxemia, emerges as a plasma AChE-R. Within the plasma, soluble AChE-R 

valid model for studying the interactions between can serve to control circulating ACh levels. After 

cytokines and the changes in cholinergic homeosta- endotoxin administration, proteolytic cleavage of 

sis (as those are reflected by AChE-R modulations) AChE-R notes the initiation of activity loss, perhaps 

as well as the impact of these interactions on memory reflecting enhanced degradation of the protein when 

functions. No subjective feelings of illness were it lacks its C-terminus. AChE-R cleavage apparently 

involved, so that the endotoxin-induced memory occurs close to the C-terminal site where the alterna- 

alterations could not be attributed to a perceived tiveAChE variants diverge from each other. Although 

physical illness-associated distress. The selectivity the C-terminai domain is likely separated from the 

of the observed memory changes was compatible core structure that is essential for ACh hydrolysis 

with reports by others that Cortisol does not affect (Soreq and Seidman, 2001), reduced hydrolysis should 

attention, verbal executive function or vigilance elevate ACh levels, suppressing inflammatory 

(Lupien, 1999). cytokines production (Borovikova, 2000). 

Scheme 1 presents the kinetic follow-up for the The appearance of a sharp band immunoreactive 

different parameters that were measured and the with antibodies targeted at the C-terminal peptide 

postulated associations between them, predicting of AChE-R suggests the existence of an endopepti- 

potentially causal relationships between the indue- dase cleaving AChE-R at its C-terminus, and our 

tion of cytokines, hormone secretion, AChE modu- mass spectrometry analysis points at the asparagine 

lations, and the resultant memory changes, residue at position 564 as its tentative cleavage site. 

Intriguing were the facts that, during the first test- A mammalian cysteine peptidase, complementary . 

ing period, the endotoxin-induced impairment in to the plant asparaginyl endopeptidase legumain is 

declarative memory was highest and correlated pos- known (Chen, 1997). This enzyme is a glycoprotein 

itively with cytokine secretion, whereas the improve- with strict specificity for hydrolysis of asparaginyl 

ment in working memory became prominent at 3 h bonds. It possesses an inherent N-terminal signal 

posttreatment and showed no correlation with peptide, N-glycosylation, and maximal activity at 

cytokine secretion. In contrast, both types of memory pH 5.8, suggesting that it functions in lysosomes and 

changes were significantly correlated with AChE-R that its production by vascular endothel would 

cleavage, although cholinergic control over work- increase under inflammation. It also includes an RGD 

ing memory seemed to begin earlier than for declar- sequence, indicating that it might interact with mem- 
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branes. The presence of legumain mRNA in human 
EST libraries of various tissue origins points to the 
possibility that it is causally involved in AChE-R 
cleavage. 

Previous reports have documented decrements in 
declarative memory after endotoxin administration 
to healthy volunteers (Reichenberg, 2001), as well 
as after cytokine (especially interferon and IL-2) 
therapy (Meyers, 1999; Capuron, 2001), viral (e.g., 
influenza) infection (Capuron, 1999), or Cortisol 
administration (de Quervain, 2000). In our study, the 
endotoxin-induced decrease in declarative memory 
performance was associated with cytokines secre- 
tion only in the first testing period. In contrast, it 
was associated with AChE activity and AChE-R 
cleavage levels during the last period, when cytokine 
concentrations have returned to baseline, yet the dif- 
ferences between AChE activity and AChE-R cleav- 



A lhour 



Scheme 1. Endotoxin induces interrelated cytokine- 
cholinergic effects on memory. Shown are the cellular and 
biochemical events that were explored in our study and to 
which we attribute the observed changes in memory 
processes and the dynamic modifications in these changes 
during the posttreatment observation period. The thickness 
of arrows reflects the relative intensity of the relevant 
processes. (A) At 1 h posttreatment, endotoxin induces the 
release of cytokines, Cortisol, and proteases. Cytokines ele- 
vation associates with impaired declarative memory, which 
is a medial temporal lobe-associated phenomenon. Corti- 
sol induces AChE-R production, which elevates the 
immunopositive AChE-R amounts in plasma. Vesicular ACh 
is released into the synaptic cleft, where it affects neuronal 
electrophysiology and may improve working memory, which 
is a neocortex-associated property. In the periphery, ACh 
begins to suppress cytokines production in macrophages 
(circular arrow). (B) At 3 h posttreatment, proteases release 
a C-terminal fragment of 36 amino acids in length frqrn 
AGhE-R and initiate further destruction, followed by 
decreases in AChE activity. Endotoxin is already gone, and 
ACh effectively suppresses cytokines production; increased 
ACh levels (reflecting enhanced secretion and the decrease 
in AChE's hydrolytic activity) are probably associated with 
activated working memory, whereas the elevation in 
AChE-R cleavage product is associated with a lower work- 
ing memory improvement. (C) At 9 h posttreatment, Corti- 
sol is gone as well. However, the persistent, although slow 
decrease in AChE activity is associated both with the 
impaired declarative memory and, probably through ACh 
increases, with the activated working memory. The steady 
i ncrease in AChE-R cleavage product is now associated both 
with a greater impairment in declarative memory and with 
lower improvement in working memory. 
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age were maximal between the endotoxin and the 
placebo conditions. These findings may suggest that 
immune-mediated processes are prominent in the 
early endotoxin-induced memory impairments, 
whereas the later effects are probably mediated by 
the cholinergic system. 

At first sight, the present finding that impaired 
memory is associated with higher change in and 
lower levels of plasma AChE activity appears con- 
tradictory to the putative role of AChE in the brain, 
as ample research indicates that AChE inhibitors 
attenuate the memory impairments in hypocholin- 
ergic animals (Ogura, 2000) and in Alzheimer's dis- 
ease patients (Weinstock, 1995; Arendt, 2001;Palmer, 
2002). However, there are at least two distinct AChE 
proteins in the mammalian brain, AChE-S and AChE- 
R (Soreq and Seidman, 2001 ). We have recently found 
that lower levels of synaptic AChE-S, in normal 
untreated FVB/N mice, as well as chronic overex- 
pression of AChE-R in transgenic mice, were both 
associated with lower memory performance (Cohen, 
2002). Reduced plasma AChE activity, as is the case 
under endotoxin exposure, possibly reflects a par- 
allel reduction in the brain, which should indeed be 
associated with reduced declarative memory. Proper 
memory functioning would therefore depend on 
cumulative AChE-S and AChE-R activities, which 
should be neither deficient (as in the endotoxin- 
injected subjects) nor in excess (as in transgenic mice 
or under stress). 

In contrast to the suppressed declarative memory, 
performance in the working memory test was 
improved under endotoxin as compared to placebo. 
Working memory, which involves temporary stor- 
age and manipulation of information necessary for 
cognitive functioning (Baddeley, 1992) and is facili- 
tated in humans treated with Cortisol (Stansbury, 
2000) or with anticholinesterases (Palmer, 2002). This 
supposedly reflects facilitated signal-to-noise ratio 
in responding cortical single neurons (Furey, 2000), 
which increases the selectivity of perceptual 
responses, possibly by enlarging the response to 
afferent input and reducing background activity. It 
can be speculated that under conditions of acute 
stress, working memory is an important asset for 
survival. Thus, cholinergic-mediated improvement 
in working memory performance in the absence of 
attention deficits (as observed in the current study) 
might be adaptive. Animal studies show impaired 
working memory function in response to nicotinic 
antagonists (e.g., mecamylamine; Levin and Simon, 



1998), and cholinergic antagonists, such as scopo- 
lamine, selectively interfere with encoding of new 
information, although not with its retrieval (Harder, 
1998; Hasselmo, 1996). This provides support for 
causal relationship between working memory and 
the cholinergic system. 

Correlation analysis enabled comparative evalu- 
ation of tested individuals with regard to the extent 
of change in their memory functions. .Using this 
approach, the improvement in working memory per- 
formance was found to be negatively associated with 
AChE-R cleavage during the last two testing peri- 
ods. This is compatible with the assumption that at 
these times AChE-R cleavage reflects the choliner- 
gic status and that in individuals with particularly 
high increases in ACh levels, the endotoxin-induced 
improvement in working memory is limited. That 
cytokines and Cortisol levels, as well as enzymatic 
AChE activity, appeared as not significantly associ- 
ated with changes in working memory performance 
might be owing to the existence of other AChE vari- 
ants (e.g., AChE-E) in the blood (Soreq and Seidman, 
2001). Alternatively, or in addition, AChE-R cleav- 
age may independently affect working memory 
performance after immune activation. 

The endotoxin-induced changes in working and 
declarative memory support the suggested dissoci- 
ation between brain structures associated with these 
functions (i.e., medial temporal lobe structures and 
declarative memory, neocortical areas and working 
memory (Helmstaedter, 1997; Squire, 1992). Declar- 
ative memory was impaired after lesions to the 
amygdalohippocampal complex but not the frontal 
cortex, whereas impaired working memory occurred 
following frontal, but not amygdalohippocampal 
lesions (Owen, 1996). Brain activation studies in 
humans further indicate frontal, but not amygdalo- 
hippocampal involvement, in working memory 
tasks (Cabeza and Nyberg, 2000). Thus, immune acti- 
vation and cytokine secretion may affect these areas 
differentially, possibly modulating AChE-R cleav- 
age {and, consequently, ACh levels) in a region- 
specific manner. 

That Cortisol levels were positively associated with 
AChE-R cleavage during the last testing period is 
consistent with both the glucocorticoid induction of 
AChE-R mRNA production (Meshorer, 2002), and 
the stress-induced AChE-R cleavage (Grisaru, 2001). 
Exposure of humans to glucocorticoids is indeed 
associated with decreased declarative memory per- 
formance (Kirschbaum, 1996; deQuervain, 2000), as 
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well as with improved working memory function- 
ing (Furey, 2000; Stansbury, 2000). Enhancement of 
memory consolidation by glucocorticoids depends 
on coactivation of peripheral or central adrenergic 
mechanisms (Quirarte, 1997; Roozendaal, 1999) 
known to be activatedby endotoxin (Linthorst, 1996; 
Zhang, 2000). 

Our study demonstrates that changes in memory 
functioning after endotoxin exposure are coassoci- 
ated with the induction of proinflammatory 
cytokines and AChE-R cleavage. The tentative path- 
way through which these changes may occur 
involves alterations in cholinergic neurotransmis- 
sion and elevation in cytokine secretion (Scheme 1). 
These are associated with many medical conditions 
that involve inflammatory processes, particularly 
within the brain (e.g v stroke, brain trauma and neu- 
rodegenerative disease, such as vascular dementia) 
(McGeer and McGeer, 1995; Saito, 199; Levin and 
Simon, 1998). For example, closed head injury results 
in the production of TNF-ct and other proinflam- 
matory cytokines (Goodman, 1990; Trembovler, 
1999) as well as in excessive accumulation of 
AChE-R within the brain (Shohami, 2000). Our find- 
ings suggest that cytokine-cholinergic interactions 
play an important role in the memory alterations 
that accompany these conditions, and may provide 
insights into the development of novel preventive 
and therapeutic procedures that will counteract the 
corresponding memory impairments without harm- 
ing the improved capacities. 
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Stress-induced alternative splicing of 
acetylcholinesterase results in enhanced fear memory 
and long-term potentiation 
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Stress insults intensify fear memory; however, the mechanism(s) facilitating this physiological 
response is still unclear. Here, we report the molecular, neurophysiologies! and behavioral 
findings attributing much of this effect to alternative splicing of the acetylcholinesterase 
(AChE) gene in hippocampal neurons. As a case study, we explored immobilization-stressed 
mice with intensified fear memory and enhanced long-term potentiation (LTP), in which 
alternative splicing was found to induce overproduction of neuronal 'readthrough' AChE-R 
(AChE-R). Selective downregulation of AChE-R mRNA and protein by antisense oligonucleo- 
tides abolished the stress-associated increase in AChE-R, the elevation of contextual fear and 
LTP in the hippocampal CA1 region. Reciprocally, we intrahippocampally injected a synthetic 
peptide representing the C-termtnal sequence unique to AChE-R. The injected peptide, which 
has been earlier found to exhibit no enzymatic activity, was incorporated into cortical, 
hippocampal and basal nuclei neurons by endocytosis and retrograde transport and enhanced 
contextual fear. Compatible with this hypothesis, inherited AChE-R overexpression in 
transgenic mice resulted in perikaryal clusters enriched with PKC/JH, accompanied by PKC- 
augmented LTP enhancement. Our findings demonstrate a primary role for stress-induced 
alternative splicing of the AChE gene to elevated contextual fear and synaptic plasticity, and 
attribute to the AChE-R splice variant a major role in this process. 
Molecular Psychiatry (2004) 9, 174-183. doi:1 0.1 038/sj.mp.400 1446 
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Introduction 

Acute stress intensifies the evolutionarily advanta-, 
geous memory of events that are potentially threaten- 
ing to the organism. 1 A major challenge in 
neurocognition is to identify molecular mechanisms 
that underlie the enhanced formation of memory 
following stress exposure. The hippocampus is a 
critical component of the neuroanatomical stress 
circuit, 2 which is also involved in forming episodic, 
spatial and contextual memories. 3 " 7 Contextual fear 
conditioning, a procedure in which an animal learns 
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to associate the neutral context of the training 
chamber with an aversive foot shock, involves the 
hippocampus, which participates in the storage of the 
memory representation of the context. 6,8 " 10 Stress- 
induced changes in hippocampal functioning require 
protein and RNA synthesis, 11 are associated with 
differential expression of immediate early genes (eg c- 
fos 12 ) and involve alternative splicing of numerous 
transcripts, including potassium channels 13 and acet- 
ylcholinesterase (AChE). 14 Unlike the abundant 
AChE-S 'synaptic' variant, the stress-induced AChE- 
R possesses a hydrophilic C- terminus that is expected 
to be incapable of supporting membrane adherence, 
Neuronal AChE-R accumulation is accompanied by 
long-lasting hyperexcitation of glutamatergic activ- 
ity 15 and prolonged conflict behavior. 18 To explore the 
possibility that changes in alternative splicing are 
critically involved in the stress-induced consolida- 
tion of fear memory, we tested the potential inter- 
relationship between neuronal overproduction of 
the 'readthrough' AChE-R variant, 17 stress-enhanced 
fear memory and facilitated long-term potentiation 
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(LTP) in the hippocampus. 18 Here, we report that, in 
the murine hippocampus, the stress-induced 
overproduction of AChE-R mRNA underlies enhanced 
contextual fear memory by facilitating synaptic 
plasticity in a process, which involves the interaction 
of PKQ3II with the C-terminal peptide of AChE-R. 

Materials and methods 

Immunohistoch emistry 

Animals were deeply anesthetized and trans cardially 
perfused at several time points (0, 1, 2, 3 or 24 h) after 
the end of the stress session. After the elimination of 
endogenous peroxidase activity and a preincubation 
step, 50/mvthick coronal sections were incubated at 
4°C with the rabbit anti-ARP antibody (1:600) for 
48 h. Subsequently, sections were incubated with a 
biotinylated goat anti-rabbit antibody (1 : 200; Vector 
ABC kit) and with the ABC complex (Vector ABC kit). 
For visualization, DAB was used as a chromogen 
(Sigma fast tablet set). Sections were examined using 
light microscopy. The anteroposterior (AP) coordi- 
nates relative to bregma of the areas 19 included for 
detailed analysis were AP -1.34. 20 

Western blotting 

Hippocampi were dissected out and immediately 
homogenized at 4°C with a plastic homogenizer, in a 
homogenization buffer containing 50 mM Tris-HCl 
(pH 8.0), 10 mM EDTA, 4mM EGTA, 15 mM sodium 
phosphate, 100 mM ^-glycerophosphate, 10 mM so- 
dium fluoride and a protease inhibitor cocktail tablet 
(Boehringer Mannheim, Germany). The insoluble 
material was removed by centrifugation at 13 000 g 
for lOmin at 4°C. Protein concentrations were 
determined by the Bradford method (BioRad, Munich, 
Germany). Equal amounts of protein for each group 
were separated on a 10% SDS gel and transferred to 
an Immobilon-P membrane (Millipore Corporation, 
Bedford, MA, USA). The blot was probed using an 
anti-ARP antibody. 21 Western blots were developed 
using the chemiluminescence method. 

Antisense oligonucleotides 

mENlOl is a 20-mer oligodeoxynucleotide (5'- 
CTGCAATATTTTCTTGCA*C*C*-3', stars denote 2'- 
oxymethyl groups) complementary to a sequence in 
exon E2 of mouse AChE mRNA. 15 InvENlOl is the 
inverted sequence (negative control oligodeoxynu- 
cleotide). A measure of 5/*M oligodeoxynucleotides 
was combined with 13 jjM of the lipophilic transfec- 
tion reagent DOTAP (Boehringer Mannheim, Ger- 
many) in an artificial cerebrospinal fluid (aCSF) and 
incubated for 15min at 37°C prior to injection (of 
25 ng in 1 /il). 

Cannulation 

Double guide cannulae (C235, Plastics One, Roanoke, 
VA, USA) were implanted into both lateral brain 
ventricles, using a stereotactic holder at Bregma AP 
0 mm, lateral 1 mm and depth 3 mm. Alternatively, 



the cannulae were directed toward both dorsal 
hippocampi, AP -1.5 mm, lateral 1mm and depth 
2 mm. 19 Bilateral injections were performed using an 
infusion pump (CMA/100, CMA/Microdialysis, Sol- 
na, Sweden) at a constant rate of 0.33 |il/min. Cannula 
placement was verified post hoc in all mice by 
injection of methylene blue. For electrophysiological 
experiments, double-cannula placement was verified 
by unilateral methylene blue injection. 18 

Peptide 

Mouse (m)ARP (GRRMEWGEQGMHKAARVGRR- 
GERWGAKHRV) was synthesized manually on 
0.05 mmol of the 5-(4-JV-Fmoc-aminomethyl-3.5-di- 
methoxyphenoxy)valeryl (PAL)-substituted polyethy- 
leneglycol-polystyrene resin (Applied Biosystems), 
using iV-a-Fmoc protected amino acids with the 
following side-chain protection: Arg(Pbf), Asn(Trt), 
Gln(Trt), Glu(OtBu), His(Trt) and Trp(Boc), obtained 
from Novabiochem. Couplings were carried out with 
four-fold excess of 9-fluorenylmethoxycarbonyl 
(Fmoc) amino acid, in the presence of 1 equivalent 
of 1,3-diisopropylcarbodiimide (DIC, Aldrich) and 2 
equivalents of hydrpxybenzotriazole (HOBt, Novabio- 
chem) in freshly redistilled MN-dimethylformamide 
(DMF). Coupling was monitored by bromophenol 
blue staining. The peptide was cleaved from the resin 
with 95/2.5/2.5 (v/v/v) trifluoroacetic acid/water/ 
triisopropylsilane for 4 h, and products were purified 
by preparative reverse-phase HPLC on a Vydac C8 
column, using a gradient of acetonitrile in 0.1% 
aqueous TFA. The purified product was characterized 
by MALDI-TOF mass spectrometry on a PerSeptive 
Biosystems Voyager Mass Spectrometer using a- 
cyano-4-hydoxycinnamic acid matrix: mass calcu- 
lated 3543.8, mass found 3544.2. PBAN 22 was from 
Phoenix Pharmaceuticals (Belmont, CA, USA). 

Fluorescent peptides microinjection , 
All surgical treatments were performed under pento- 
barbital-sodium anesthesia. Hamilton syringe was 
directed toward the right lateral ventricle, using a 
stereotactic holder at Bregma AP 0.1mm, lateral 
1,2 mm, depth 2.2 mm. Injections were performed 
manually at a constant rate of ca. 0.33 /zl/min. A time 
period of 5 h was allowed for endocytosis and peptide 
transport before the sacrifice period, followed by 
transcardial perfusion with 4% paraformaldehyde. 
Coronal brain sections (10 ^m) were cut with a cryostat. 
The labeled peptides (NEN, Zaventhen, Belgium) 
were RITC-ARP (GRRMEWGEQGMHKAARVGRR- 
GERWGAKHRV) and FITC-ASP (DTLDEAERQWKA 
EFHRWSSYMVHWKNQFDHYSKQDRCSDL). Sections 
were inspected by means of confocal or fluorescent 
microscopy. Biotinylated ARP (NEN) was detected by 
rhodamine-labeled streptavidin (Sigma, St Louis, MO, 
USA), following 6h incubation. 

Drug treatment 

mARP and PBAN were dissolved in aCSF solution 
and 0.25 jA of a 100 ^M solution was injected per side. 
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Immobilization stress 

An acute' immobilization stress of mice consisted of 
taping their limbs to a plastic surface for 1 h. 23 

Fear conditioning 

The single training trail consisted of placing the 
animal in a novel context (180 s), and administering a 
tone (30 s, 10 kHz, 75 dB SPL, pulsed 5 Hz) followed 
by a single footshock (US, 0.7 mA, 2 s, constant 
current).- Under these conditions, the context served 
as the background stimulus. Background contextual 
fear conditioning but not foreground contextual fear 
conditioning, where the tone is omitted during 
training, has been shown to involve the hippocam- 
pus. 6 Freezing was recorded 24 h later in the same fear 
conditioning box for 180 s without tone presenta- 
tion. 18 

Slice preparation and electrophysiologic 8 
Hippocampal slices were obtained from 3-6 month- 
old male BALB/c, FVB/N or transgenic mice. Animals 
were killed by cervical dislocation. Brains were 
rapidly removed and placed in cold (2°C) artificial 
CSF (aCSF) consisting (in mM) of 124 NaCl, 5 KC1, 26 
NaHC0 3 , 1.2 NaH 2 P0 4 , 1.3 MgS0 4 , 2.4 CaCl 2 and 10 
glucose (equilibrated with 95% O z /5% CO z ). A 
bipolar, stimulating electrode placed in the stratum 
radiatum of the CA3 region of the slice (400 ^m) was 
used to activate Schaffer collateral/commissural fiber 
synapses onto CAl pyramidal cells. Extracellular 
field potentials were recorded with an aCSF-filled 
glass microelectrode placed in the stratum radiatum 
(electrode resistance up to 5 MO). Presynaptic fiber 
stimulation was set to evoke baseline fEPSPs ~50% 
of the maximal fEPSP amplitude. HFS-LTP was 
induced by three trains of Is, 50 Hz tetanic stimula- 
tion with 20 s intertrain interval, pulse width doubled 
to 0.1ms in the tetanus. The TBS consisted of 
5 x 100 Hz bursts (five diphasic pulses per burst) with 
a 200 ms interburst interval. All values are reported as 
mean ± SEM of all slices tested in the corresponding 
paradigm. 

Fluorescence double labeling for confocal microscopy 
ofPKCpIIand ARP 

The primary staining solution contained 0.3% Triton 
X-100, 0.05% Tween 20, 2% normal goat serum, 2% 
normal donkey serum, rabbit anti-ARP (1 : 100) and 
mouse-anti-PKQSII (Sigma, P8083), diluted 1:500. 
Secondary antibody solutions and preparation for 
microscopy were as detailed. 16 Slices were scanned 
by using a Bio-Rad MRC-1024 scanhead (Hemel 
Hempsted Herts., UK) coupled to an inverted Zeiss 
Axiovert 135M microscope with a 40 x oil-immersion 
objective (NA 1.3). Excitation was at 488 nm (using 
10% of a 100 mW laser). Fluorescence emission was 
measured by using a 580df32 bandpass interference 
filter (580 + 16nm) for detecting tetramethylrhoda- 
mine and a 525/40 filter for detecting fluorescein. The 
confocal iris was set to 3 mm. The conditions of 
scanning took into consideration the overlap of 



fluorescein fluorescence with the rhodamine filter 
(as was determined by control experiments). Images 
were then further processed with Image Pro Plus 4.01 
program (version 4.0, Media Cybernetics, Silver 
Spring, MD, USA). 

Statistics 

Statistical comparisons were made by using unpaired 
Student's f-test and ANOVA. Significance was deter- 
mined at the level of P<0.05 or 0.01. 

Results 

Immobilization stress induces transient alternative 
splicing ofAChE in hippocampal neurons 
Staining of hippocampal CAl neurons from BALB/c 
mice with an anti-AChE-R antibody 21 revealed sig- 
nificantly increased labeling intensity of the stratum 
pyramidale and stratum radiatum 1, 2 and 3 h after 1 h 
immobilization, as compared to naive mice (Figure 
la-c). This was compatible with the rapid post-stress 
increase of hippocampal AChE activities. 13 In the 
stratum pyramidale staining was maximal 2h after 
immobilization and returned to baseline within 24 h 
(Figure lb), demonstrating the transient nature of this 
response. In contrast, the labeling intensity of stratum 
radiatum was maximal at 24 h after immobilization 
(Figure lc). 

Enhanced memory of contextual fear depends on 
stress-induced AChE-R elevation 
Following immobilization stress, RT-PCR analysis 
demonstrated a three-fold increase of AChE-R mRNA, 
using HPRT mRNA as control (Figure 2a). To study 
the implications of AChE-R mRNA upregulation for 
fear conditioning, we employed mENlOl, an anti- 
sense oligonucleotide inducing murine AChE-R 
mRNA downregulation. 15 When intracerebroventricu- 
larly (i.c.v.) injected 15min before immobilization, 
mENlOl selectively limited the stress-induced accu- 
mulation of AChE-R mRNA and protein to less than 
half of its full scale (Figures 2a and b and 3). In 
contrast, neither mENlOl nor the inversely oriented 
oligonucleotide invENlOl or the vehicle alone had 
any effect on AChE-S mRNA or the nonrelevant 
mRNA encoding the homologous protein butyrylcho- 
linesterase (BuChE) (Figures 2a and b). Likewise, 
invENlOl or vehicle did not affect the level of the 
AChE-R mRNA or protein, as tested by RT-PCR and 
immunoblot analyses of hippocampal homogenates 
(Figures 2a and b and 3). 

mENlOl diminishes, whereas the C-terminal peptide of 
mouse AChE-R intensifies, contextual fear 
We have recently found that contextual fear condi- 
tioning was elevated if mice were trained 2 and 3 h 
after exposure to a stressful stimulus and assessed for 
memory 24 h later. 18 Our index of memory was the 
conditioned freezing response, absence of all move- 
ment except for respiration and heartbeat. Freezing 
was shown in mice that returned to the training 
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Figure 2 Antisense prevention of stress-induced AChE-R 
mRNA accumulation. RT-PCR analysis was performed on 
RNA extracted from the hippocampus of naive or stressed . 
mice, and from the hippocampus of mice that were injected 
15min before the stress session with the antisense agent 
(mENlOl) that induces destruction of AChE-R mRNA, or 
with an inversely oriented sequence (invENlOl) or vehicle. 
Each reaction mixture contained a set of primers specific for 
the cDNA of hypoxantine-phosphoribosyl-transferase 
(HPRT), an enzyme constitutive ly expressed at a low and 
constant level in the central nervous system, and widely 
used as internal control, (a) Bands reflect the levels of 
AChE-R mRNA, AChE-S mRNA and BuChE mRNA 2h after 
the end of stress exposure. The numbers above each band 
indicate the cycle number, (b) Bar graphs show the ratio of 
mRNA band intensities calculated from densitometric 
analysis of a single cycle (AChE-R: 45, AChE-S: 33, BuChE: 
35) verified to be within the linear range of product 
accumulation, divided by those of the coamplified HPRT 
product (mean±SEM; 9-11 mRNA samples per group). 
Statistically significant differences: *P<0.01 vs stressed 
animals. 



context, in which they were previously exposed to a 
footshock. 24 Injection of mENlOl totally prevented 
the increased freezing response after stress, unlike 
invENlOl or vehicle injection that were ineffective 
(Figure 4). 

A synthetic version of the C-terminal peptide 
unique to human AChE-R, hARP, has been shown to 
mimic the stress effect on proliferation of myeloid 



^ 

Figure 1 Acute immobilization stress induces AChE-R 
upregulation in hippocampal CA1 neurons, (a) Top, sche- 
matic representation of the analyzed hippocampal brain 
area. Middle, AChE-R immunoreactivity in 50 /mi coronal 
sections from the hippocampal CA1 area of naive (left) and 
stressed (2h after lh immobilization) mice (right; scale 
bar=100/xm) is shown. Bottom, higher magnification images 
of the framed regions (scale bar=25^m). Bars represent 
densitometric analysis (mean±SEM; both hippocampi of 
n=5 per group) of AChE-R-positive cells in the stratum 
pyramidale (b) and stratum radiatum (c), as seen in the 
middle segment under (a). Statistically significant differ- 
ences: *P<0.05 vs naives. 
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Figure 3 Downregulation of post-stress AChE-R protein 
levels by antisense treatment. A representative immunoblot 
reflecting AChE-R protein levels in hippocampi homoge- 
nates from stressed animals injected with mENlOl, in- 
vENlOl or vehicle 15min before stress exposure is shown. 
The hippocampi were removed and homogenized 2 h after 
the end of the stress session. Bars represent mean band 
intensities + SEM for hippocampal homogenates (n=5, 
*P<0.001). 



progenitor cells. 22 Therefore, we analysed whether 
elevated contextual fear observed under AChE-R 
overexpression could be mimicked by mARP, a 
synthetic peptide with the sequence of the mouse 
AChE-R C-terminus. FVB/N mice were first micro- 
injected with rhodamine-labeled mARP to the lateral 
ventricle. Cortical and hippocampal neurons near the 
injection site displayed rhodamine fluorescence 
signals, likely reflecting ARP diffusion or local uptake 
(Figure 5a and b). However, neurons in areas distant 
from the injection site, such as the parietal cortex and 
the basal forebrain, were stained as well, suggesting 
endocytosis and retrograde transport of ARP (Figure 
5c-e). An alternative labeling group did not affect the 
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Figure 4 AChE-R elevation enhances contextual fear 
conditioning. Naive (n=27), stressed (n=25) and mice 
injected i.c.v. 15min before stress exposure with mENlOl 
(n=ll), invENlOl (n=ll) or vehicle (n=9) were trained 2h 
after the end of the stress session or 2h after intrahippo- 
campal injection of vehicle (n=8), mARP (n=8) or PBAN 
(n=5) in the context-dependent fear-conditioning paradigm. 
Freezing was measured in the retention test performed 24 h 
after training. Statistically significant differences: *P<0.01 
vs stressed animals, t P<0.01 vs mARP-treated animals. 



neuronal accumulation of ARP (Figure 5f). Moreover, 
a negative control peptide representing the C-termi- 
nus of murine AChE-S (mASP) displayed a conspicu- 
ously different labeling pattern. While mARP was 
localized in the cytoplasm, mASP accumulated in the 
neuronal nuclei (Figure 5g). Thus, injected mARP 
demonstrated a potential capacity to transduce sig- 
nals to the neuronal cytoplasmic element(s). At the 
behavioral level, intrahippocampal (i.h.) mARP injec- 
tion (2 nM) without conditioning had no effect on the 
motor activity of mice 24 h later (data not shown), but 
resulted in an elevated freezing response when mice 
were re-exposed to the conditioning context as 
compared to vehicle-treated controls. As a negative 
control peptide, we used the insect pheromone 
biosynthesis-activating neuropeptide (PBAN) , 
with a molecular weight similar to mARP. PBAN, 
which had no effect on myelopoietic proliferation, 22 
also showed no effect on contextual fear conditioning 
(Figure 4). 

Elevated fear response involves enhanced 
hip pocam pal LTP 

To test if AChE-R mRNA and protein upregulation 
after acute stress enhance conditioned fear by altering 
synaptic plasticity, we measured hippocampal LTP. In 
the present experiments, the Schaffer collateral path- 
way was stimulated to record theta-burst-induced 
LTP (TBS-LTP) from the CAl stratum radiatum of 
hippocampal slices from stressed animals 2 h after 1 h 
immobilization. TBS-LTP was enhanced when 
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Figure 5 Neuronal endocytosis and retrograde transport of 
brain-microinjected synthetic mARP. Confocal section of 
cortex (a) and hippocampus (b) in which the injection 
needle is penetrated through [arrowheads]. The nearby cells 
are stained for RITC-labeled ARP, probably via peptide 
diffusion, (c) Fluorescence microscopy of labeled areas 
distant from the injection site, for example, the parietal 
cortex. Confocal microscopy of stained cells from the basal 
forebrain; olfactory tubercle (d) and nucleus basalis of 
Meynert (e). Note the neural processes labeling with mARP 
(arrow), (f) Biotin and FITC-labeled mARP under simulta- 
neous injection to the same animal (biotin is visualized with 
RITC-labeled streptavidin). In the nucleus basalis of 
Meynert, double-labeled cells appear yellow, (g) Simulta- 
neous injection of RITC-labeled mARP and FITC-labeled 
mASP. While mARP is localized in the cytoplasm, mASP is 
localized in the nucleus. Note a cell labeled solely for RITC 
mARP (arrowhead). Scale bars: (a,b, d,e,g) 25 m; (c) 200 m; 
(f) 100 m. 



compared to the response in brain slices from naive 
animals. Facilitation of TBS-LTP was not detectable 
in slices from stressed mice pretreated with mENlOl, 
whereas invENlOl was ineffective in blocking stress- 
mediated LTP facilitation (Figures 6a and b). 

Persistent AChE-R overexpression induces 
a long-lasting upregulated LTP 

Repeated forced swim episodes promote the dendritic 
translocation of hippocampal AChE-R mRNA in a 
long-lasting manner. 14 This finding raised the ques- 
tion if persistent AChE-R upregulation may contri- 
bute to enduring LTP facilitation and if such 
facilitation would persist in the maintenance phase, 
thought to be particularly relevant for long-term 
memory consolidation. 25 Therefore, we used high- 
frequency tetanic stimulation (HFS) to induce LTP in 
the stratum radiatum of naive FVB/N transgenic mice 
overexpressing human AChE-R. 16,21 LTP was stably 
elevated by 40% even 100 min after LTP induction 
when compared to LTP of the parent strain mice 
(Figure 6c). 

Enhanced PKC signal transduction in AChE-R- 
overexpressing mice 

Neuronal AChE-R was recently found to tightly 
interact, through the scaffold protein RACK1, with 
PKQ3II, the alternative splicing product of PKC0, to 
increase its enzymatic activity and enlarge its density 
in hippocampal neurons. 16 In the hippocampus of 
AChE-R-overexpressing transgenic mice, immunohis- 
tochemical labeling of areas rich in PKC/fll appeared 
as punctiform staining of higher cluster densities than 
in strain-matched FVB/N controls at the circumfer- 
ence of CA1 and dentate gyrus hippocampal neurons 
(Figures 7a and b). Confocal microscopy revealed in 
CAl hippocampal neurons from these transgenic 
mice enlarged intracellular clusters composed of both 
AChE-R and PKC0II (Figure 7c). This finding was 
compatible with the assumption that the elevated LTP 
maintenance in transgenic mice may require interac- 
tion between the C-terminal domain of AChE-R and 
PKC0H. 

We therefore investigated by activating PKC with 
phorbol dibutyrate (PDBu, 5 /*M) whether the intensi- 
fied staining of PKC/ftl correlated with enhanced PKC 
signaling in AChE-R transgenic mice. Indeed, 20 min 
administration of PDBu facilitated the synaptic field 
potentials more dramatically in hippocampal slices 
from AChE-R transgenic mice than from control FVB/ 
N mice (Figure 7d). Further tetanic stimulation 
(20 min after PDBu wash) did not result in a 
significant additional potentiation, confirming that 
the synapses were fully potentiated by PKC activation 
in both WT and AChE-R Tg mice in accordance with 
previous studies (for example, Stanton 28 ). The ob- 
served enhanced potentiation of synaptic transmis- 
sion after phorbol ester treatment and tetanic 
stimulation in transgenic slices suggest that excess 
AChE-R leads to an increased strengthening of CAl 
synapses due to higher PKC activity. 
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Discussion 

This study provides evidence for a tight linkage 
between stress-induced alternative splicing in the 
hippocampus and the corresponding facilitation of 
fear conditioning. At the level of neuronal physiology, 
our study is compatible with the assumption that 
hippocampal LTP participates in the formation of 
contextual fear following a stressful experience. 

Immunohistochemical staining of the stratum pyr- 
amidale indicated maximal expression of the stress- 
associated AChE splice variant AChE-R 2h after 
immobilization. Mice conditioned at this time point 
revealed the highest levels of contextual fear during 
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the retention test. This fear enhancement was pre- 
vented by antisense destruction of AChE-R mRNA, 
attributing a central role in stress-mediated contextual 
fear conditioning to AChE-R. Interestingly, the 
amount of AChE-R protein returned to baseline levels 
in the stratum pyramidale within 24 h, whereas it was 
maximal at that time point in the stratum radiatum. 
This observation was consistent with the reported 
stress-induced translocation of AChE-R mRNA from 
the nucleus of hippocampal CAl neurons into 
dendrites. 14 In both, acutely stressed animals and 
animals persistently overexpressing AChE-R, LTP was 
intensified. However, HFS-LTP could only be elicited 
in slices from AChE-R transgenic mice, but not in 
slices from stressed mice, where it was inhibited. 18 
This implies that additional components, other than 
AChE-R, participate in impeding HFS-LTP in slices 
'from stressed mice. The involvement of additional, 
yet unidentified spliceosome proteins in fear memory 
consolidation is further indicated from the alternative 
pre-mRNA splicing at the ERK-MAP kinase path- 
way, 27 which is activated during fear* condition- 
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ing 

The physiological relevance of AChE-R overpro- 
duction may be multileveled, and should be dis- 
cussed separately in the synaptic, intracellular and 
adaptive contexts. Following stress, AChE-R mRNA 
replaces AChE-S mRNA in neuronal processes in a 
manner associated with glutamatergic hyperexcita- 
tion. 14 AChE-R differs from the synaptic variant 
AChE-S in its C-terminal domain (ARP), which 
consists of 26 amino-acid residues as compared with- 
40 residues in AChE-S. 17 The unique ARP sequence, 
with no homologies in the database, is devoid of the 
cysteine residue that enables AChE-S to interact with 
the structural subunit PriMA, 30 and thus adhere to the 
synaptic membrane. Therefore, AChE-R would 



Figure 6 AChE-R facilitates LTP induction and mainte- 
nance in the mouse hippocampus, (a) Setup for hippocam- 
pal extracellular field recordings (REC) in the CAl stratum 
radiatum upon stimulation (STIM) of the Schaffer collateral 
pathway (SC). (b) TBS-LTP elicited in slices from mice that 
were killed 2h after Ih immobilization (■) was signifi- 
cantly enhanced when compared to LTP induced in slices 
from naive mice (A; seven slices, five mice; P<0.001). 
There was no statistical difference between stressed mice 
and mice that were preinjected with vehicle before stress 
exposure (six slices, five mice) (data not shown). The stress- 
induced enhancement was significantly attenuated when 
stressed mice were preinjected with mENlOl (T; five slices, 
five mice; P< 0.001). InvENlOl preinjection had no effect 
on stress-induced LTP facilitation (□; six slices, five mice), 
(c) Chronic effect of AChE-R overexpression. fEPSP changes 
from the baseline (%) of hippocampal slices from transgenic 
mice are shown (Tg; nine slices, six mice), reaching a 
value of 272 + 10% potentiation extent, significantly higher 
than the 228 + 8% potentiation extent in age- and strain- 
matched FVB/N control mice {□; 12 slices, nine mice, 
P<0,05). 
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primarily be expected to be secreted into the inter- 
cellular space, where it can rapidly hydrolyze the 
stress-elevated levels of acetylcholine. 13 However, the 
534 residue core domain that is common to the two 
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AChE variants shares sequence and function homo- 
logies with neuroligin, a postsynaptic cell adhesion 
molecule of excitatory synapses, 31,32 which triggers 
presynaptic development in contacting axons. 33 It is 
tempting to speculate that, under stress, excess AChE- 
R may compete with neuroligin, potentially impairing 
its interaction with ^-neuroexin and modifying the 
subsequent activation of PSD95. 34 

Our finding that the synthetic peptide with the 
sequence of the mouse AChE-R C-terminus, mARP, 
mimicked the stress-associated effect of AChE-R 
demonstrates that the C-terminal domain, which is 
devoid of catalytic activity, is sufficient for promoting 
fear memories. The enhanced enzymatic AChE activ- 
ity found shortly after stress 13 thus appears to be 
mainly responsible for clearing the elevated levels of 
acetylcholine released after acute stress. 35 In our 
current study, we indeed present endocytosis and 
active intracellular distribution of ARR Thus, the 
involvement of AChE-R in eliciting fear memory 
emerges as a nonenzymatic activity, possibly invol- 
ving intracellular protein-protein interactions. On the 
other side, it is conceivable that corticosterone 
mediates alternative splicing of the ACHE gene, not 
only in response to stress but also in response to 
learning itself. There is much evidence that corticos- 
terone is involved in various learning paradigms 
including spatial orientation in the Morris water 
maze or contextual fear conditioning (for a review, 
see De Kloet 36 ). 

Since the C-terminus of AChE-R interacts intracel- 
lularly with the scaffold protein RACKl and through 
it with PKCjffl, 16 PKCjGfll might also contribute to 
enhanced fear conditioning after stress. In agreement, 
contextual fear conditioning of rats is associated with 
activation of hippocampal PKC and the translocation 
of PKC/JII from the cytosoi to the membrane, 37 and 



Figure 7 Activation of PKC induces LTP more profoundly 
under transgenic (Tg) AChE-R overexpression. (a) Facili- 
tated PKC activation in the hippocampus of AChE-R 
transgenic mice. Typical pyramidal neurons in the hippo- 
campal CAl area and neurons in the granule cell layer of the 
dentate gyrus (DG) from WT and transgenic mice stained 
with a protein kinase C {PKC) /JO antibody are shown. Scale 
bar, 25 /mi. (b) Simulated immunomicrograph of a hippo- 
campal neuron from a transgenic mouse overexpressing the 
stress-induced variant of acetylcholinesterase, AChE-R 
(green). The confocal images of clusters including AChE-R 
and PKC0II (red) are highlighted (inset), (c) Quantified 
labeling of the above sections. Sections from Tg (four 
sections, four mice) and WT (four sections, four mice) 
animals were quantified with significantly more clusters of 
PKC/?II staining in transgenic neurons (P<0.05) in both DG 
and CAl regions. Sections were 7 thick, (d) Summarized 
results of PDBu (5/*M) application for 20min, which 
induced the facilitation of synaptic field potentials in 
AChE-R transgenic slices (nine slices, six mice), signifi- 
cantly higher than in WT (10 slices, six animals, P<0.05). 
Tetanic stimulation delivered after 20 min of PDBu wash 
did not induce further potentiation. 
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genomic disruption of mouse PKC/tfl causes inherited 
deficits in contextual fear responses. 38 However, 
PKC^II-deficient mice present apparently normal 
robust hippocampal LIT, albeit less sensitive to 
phorbol ester than that of control mice. 38 Thus, 
AChE-R-inducible PKC/2II may serve as an important, 
but dispensable LTP modulator. 

In summary, these data suggest that alternative 
splicing eliciting the accumulation of AChE-R and 
PKCjSII is used by the hippocampus for mediating the 
effects of stress on fear conditioning and neuronal 
plasticity. It has been proposed that the neural 
mechanisms mediating adaptive fear are of clinical 
significance. 3 *" 41 Thus, dysfunction of AChE-R or 
PKC/fll or both are expected to be relevant to 
pathological conditions such as post-traumatic stress 
disorder (PTSD) and mood disorders. 
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ABSTRACT 

Hypersecretion of Cortisol occurs in numerous patients with 
major depression and normalizes with clinical recovery during 
the course of chronic antidepressant treatment. These clinical 
data suggest that investigation of the effects of antidepressant 
treatments on the regulation of the brain-pituitary-adrenal axis 
may assist in elucidating the therapeutic basis of antidepres- 
sant actions. In the present investigation, both swim stress and 
acute fluoxetine challenge increased release of corticosterone 
and progesterone to reflect an activation of the brain pituitary- 
adrenal axis. The effects of chronic antidepressant treatment 
(21 days) on corticosterone and progesterone secretion in- 
duced by these challenges were investigated. Chronic fluox- 
etine treatment (5 mg/kg/day) completely blocked the in- 
creased secretion of corticosterone and progesterone in 
response to the acute fluoxetine challenge. Chronic treatment 
with desipramine, imipramine or amytriptyline (15 mg/kg/day) 
also markedly attenuated fluoxetine-induced corticosterone 
and progesterone secretion. However, chronic treatment with 
the monoamine oxidase inhibitors, phenelzine (5 mg/kg) and 
tranylcypromine (5 mg/kg), did not affect this hormonal re- 
sponse to acute fluoxetine challenge. Plasma levels of fluox- 



etine after acute challenge were not significantly different for 
the various chronic antidepressant treatment conditions from 
the chronic saline controls; therefore, an increase in the me- 
tabolism of fluoxetine can not explain the antagonism of the 
fiuoxetine-induced hormonal response after chronic antide- 
pressant treatment. In contrast to the effects of selected anti- 
depressants on acute fluoxetine-induced steroid release, 
chronic treatment with imipramine (20 mg/kg/day), fluoxetine (5 
mg/kg/day) or phenelzine (5 mg/kg) did not significantly alter 
this swim stress-induced corticosterone or progesterone se- 
cretion. Because chronic fluoxetine and tricyclic antidepressant 
drugs blocked the acute action of fluoxetine to increase adrenal 
cortical secretion, but did not alter swim stress-induced secre- 
tion of these steroids, we propose that distinct neurochemical 
mechanisms control fluoxetine and swim stress-induced ste- 
roid release. We speculate that the substantia! adaptive re- 
sponse to those chronic antidepressant treatments, which min- 
imize the effect of acute fluoxetine challenge to increase in 
corticosterone and progesterone secretion, may be relevant to 
the therapeutic actions of these drugs. 



Several measures of brain-pituitary-adrenal axis function 
are elevated in major depressive illness (Ettigi and Brown, 
1977; Holsboer and Barden, 1996). For example, a substan- 
tial portion of depressed patients have chronically elevated 
Cortisol (Gibbons, 1964; Sachar, 1975) and also exhibit a 
subsensitive negative feedback system, as reflected by atten- 
uated inhibition of Cortisol secretion in response to dexa- 
methasone (Stokes et a/., 1975; Carroll et al. y 1981). Addi- 
tionally, in depressed patients, cerebral spinal fluid levels of 
CRF are elevated (Banki et al. t 1987; Nemeroff et al. t 1984) 
and CRF mRNA in the paraventricular nucleus of depressed 
suicide victims is markedly higher than in control subjects 
(Raadsheer et a/., 1995). Depressed patients also exhibit a 
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supersensitive adrenocorticotropin response to systemically 
administered CRF (Holsboer et aL, 1987; Schmider et al., 
1995). Because stress results in activation of the hypotha- 
lamic-pituitary-adrenal axis (Ganong and Forsham, 1960), 
the well-documented disturbances in the control of corticoid 
function in depression suggest that depressed patients may 
be in a state of chronic stress (Rubin et a/., 1987). In the 
course of chronic antidepressant drug treatment, normaliza- 
tion of adrenal cortical secretion precedes or coincides with 
clinical recovery from depression (Linkowski et aL f 1987; 
Steiger et a/., 1989; Souetre et a/., 1989). 

In addition to stress, the brain-pituitary-adrenal axis is 
induced by acute treatment with serotonin uptake inhibitors 
and other drugs that increase the synaptic availability of 
serotonin, such as 5 : hydroxytryptophan (Fuller and Snoddy, 
1990). The magnitude of increased corticosterone secretion in 
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579 



580 Duncan et al. 



Vol. 285 



response to acute fluoxetine challenge is similar to that ob- 
served by various physiological stressors (Fuller and Snoddy, 
1990). The acute corticosterone response to an antidepres- 
sant drug like fluoxetine seems paradoxical, because normal- 
ization of Cortisol levels occurs with clinical recovery after 
chronic antidepressant therapy (Linkowski et al, 1987; 
Steiger et al, 1989; Souetre et al, 1989). 

The acute neuropharmacological properties of antidepres- 
sant drugs are well characterized. However, the immediate 
actions of these drugs on the function of the central nervous 
system can not account directly for their clinical efficacy, 
because chronic antidepressant administration is required 
for therapeutic effectiveness (Katz et al, 1987; Klein and 
Davis, 1969). This requirement for chronic antidepressant 
administration for therapeutic effectiveness suggests that 
drug-induced neural adaptation is responsible for the thera- 
peutic actions of this drug class (Heninger and Charney, 
1987; Duman et al, 1994). A common adaptive response 
produced by chronic treatment with several classes of anti- 
depressant drugs, including tricyclics, MAO inhibitors and 
the selective serotonin uptake inhibitor fluoxetine, is a re- 
duction in brain of levels of mRNA for CRF in animals (Brady 
et al, 1991, 1992). Thus, neurochemical control of the brain- 
pituitary-adrenal axis presents a biological substrate to ex- 
plore the mechanism by which antidepressant action affects 
the elevated activity of the brain pituitary-adrenal axis in 
depressive illness. 

Although progesterone has been considered only as a fe- 
male reproductive hormone, elevated levels of plasma pro- 
gesterone accompany the increase in corticosterone after 
stress in male rats (Nequin et al. y 1975; Schaeffer and Aron, 
1987; Deis et al, 1989; Purdy et al., 1991) and male humans 
(Breier and Buchanan, 1992). Stress-induced progesterone 
secretion in male and female rats is derived from the adrenal 
gland, because the response is abolished after adrenalectomy 
(Deis et al., 1989; Nequin et al, 1975; Purdy et al, 1991). The 
physiological function of progesterone secreted from the 
adrenals in males and females is presently unclear. However, 
it is well established that systemically circulating progester- 
one can enter the brain and serve as a precursor for the 
synthesis of neurosteriods, which are potent allosteric modu- 
ators of y-aminobutyric acid receptors (Majewska et al. , 1986; 
Morrow et al, 1987; Purdy et al, 1991; Paul and Purdy, 
1992). 

The purpose of the present investigation was to assess 
whether chronic antidepressant treatment would induce 
adaptive responses in the brain, such that corticosterone and 
progesterone responses to acute challenge with fluoxetine 
and swim stress would be attenuated. The swim stress pro- 
tocol used was the forced swim test, a behavioral screen for 
antidepressant drug activity (Porsolt et al, 1978). 

Materials and Methods 

Animals and treatments. Male Charles River Sprague-Dawley 
(Raleigh, NC) rats were housed three per cage, given continuous 
access to food (Purina rat chow) and water,- and were on a 12-hr 
light-dark cycle with lights off at 1900 hr. For chronic treatments, 
rats were injected i.p. once a day for 21 days with drugs dissolved in 
0.9% saline. Drugs were prepared at 4 mg/ml to minimize peritoneal 
irritation. At the termination of the experiments, when rats weighed 
300 to 380 g, they were sacrificed by decapitation between 1300 and 
1500 hr for collection of trunk blood. 



Chronic antidepressant treatment and hormonal re- 
sponses to acute fluoxetine challenge. Rats were injected daily 
for 3 weeks with imipramine-HCl (15 mg/kg), fluoxetine (5 mg/kg), 
desipramine-HCl (15 mg/kg), amytriptyline (15 mg/kg), phenelzine 
(5 mg/kg) or tranylcypromine (7 mg/kg) before the hormonal re- 
sponse to a challenge dose of fluoxetine was assessed. The 5 mg/kg 
challenge dose of fluoxetine was chosen because preliminary studies 
demonstrated that this dose induced robust secretion of corticoste- 
rone and progesterone. Furthermore, previous work by Fuller and 
Snoddy (1990) had shown that this dose was slightly submaximal. 
Trunk blood was collected and stored on ice until centrifugation to 
allow collection of the serum. Previous work showed that peak levels 
of corticosterone are obtained 40 min after i.p. injection of fluoxetine 
and that the levels of the hormone remain high and constant from 40 
to 60 min after injection (Fuller and Snoddy, 1990). Therefore, for the 
acute fluoxetine challenge, rats were injected with fluoxetine-HCl (5 
mg/kg), 20 to 24 hr after the final saline or drug injection in the 
3-week drug treatment series, and sacrificed 40 min later. 

Chronic antidepressant treatment and hormonal measure- 
ment in the forced swim test. Rats were injected daily i.p for 3 
weeks with 0.9% saline, imipramine-HCl (20 mg/kg) or fluoxetine- 
HCl (5 mg/kg). The dose of 20 mg/kg imipramine considered the 
maximal dose of the drug for chronic administration and in previous 
work was demonstrated to antagonize swim stress-induced Fos 
(Duncan et al, 1996). Desipramine was not examined in this work 
with the swim test because imipramine is metabolized to desipra- 
mine and substantial levels of this demethylated metabolite are 
present in brain after administration of imipramine. After the 
chronic saline or antidepressant treatment, rats were processed in 
the forced swim test (Porsolt et al , 1978). For the conditioning swim 
on the first day of the test, the rats were placed in the swim tanks 
(40 x 19 cm Plexiglas cylinders) containing water (25 °C) at a depth 
of 16 to 17 cm for 15 min. The final drug or saline injection was given 
after the conditioning swim. On the next day, for the test swim, the 
rats were placed in the tanks (25 °C water) for 5 min and the duration 
of immobility measured. Rats were sacrificed 30, 60 or 120 min after 
the test swim, and trunk blood was collected and stored on ice until 
centrifugation. 

Measurement of serum corticosterone and progesterone. 

Serum levels of corticosterone and progesterone were measured with 
radioimmunoassay kits (ICN Biomedicals, Inc. Costa Mesa, CA) 
according to the manufacturer's instruction, with 125 I-corticosterone 
and l26 I-progesterone. Duplicate samples for each rat were assayed 
for each hormone. The approximate detection limits for the cortico- 
sterone and progesterone were 10 and 0.1 ng/ml, respectively. There 
was less than 1% cross -re activity between corticosterone and proges- 
terone for the respective antisera in the kits. 

Measurement of serum fluoxetine. Serum fluoxetine and nor- 
fluoxetine metabolite were determined by a high-performance liquid 
chromatographic method. Fluoxetine and norfluoxetine were ex- 
tracted from 100- y\ serum samples with hexane//i-butylamine (9:1) 
after the addition of internal standard (imipramine) and pH adjust- 
ment with ammonium hydroxide. The organic phase was evaporated 
to dryness under a gentle stream of nitrogen at room temperature. 
After reconstitution with 75 fil of methanol, the sample was trans- 
ferred to injection vials. Fluoxetine, norfluoxetine and internal stan- 
dard were separated on a 3-jim (4.6 X 250 mm) Hypersil silica RP 
column (Keystone Scientific, Inc, Bellefonte, PA) and a mobile phase 
of acetonitrile/methanoVammonium hydroxide (860:140:5) at 2.0 ml/ 
min. Quantitation of each compound was performed with UV detec- 
tion at 254 nm (Linear Instruments, Reno, NV) and Chrom Perfect 
chromatographic software (version 2.05, from Justice Innovations, 
Inc., Mountainview, CA). Standard curves were linear from 25 ng/ml, 
the lower limit of quantitation, up to 1000 ng/ml for both compounds. 
The within- and between-day coefficients of variation were <9%. 

Statistics. Data were analyzed by two-way analysis of variance 
and post hoc comparisons were made with Tukey*s test. 
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Results 

Effects of acute fluoxetine challenge on secretion of 
corticosteroid and progesterone. In accord with previous 
results (Stark et a/., 1985; Fuller and Snoddy 1990), admin- 
istration of fluoxetine (5 mg/kg) induced a robust secretion of 
corticosterone (fig. 1) that was similar in magnitude to that 
induced by swim (compare with figs. 8-10). Additioually, just 
as with stress in male rats (Purdy et al. f 1991), acute fluox- 
etine administration resulted in an increase in progesterone 
(fig. 1). To determine whether the increased secretion of 
these steroids involved activation of the brain-pituitary-ad- 
renal axis, the synthetic glucocorticoid dexamethasone was 
administered 4 hr before fluoxetine injection. Dexametha- 
sone is a potent synthetic glucocorticoid that suppresses ad- 
renal cortical secretion by activating negative feedback 
mechanisms in the brain and pituitary gland (Meikle and 
Tyler, 1977). Pretreatment of rats with dexamethasone com- 
pletely blocked fluoxetine-induced increases in corticosterone 
and progesterone secretion (fig. 1). These data indicate that 
fluoxetine induces the secretion of these steroids via an ac- 
tion on the brain and/or the pituitary gland. 

Effects of chronic and subchronic treatment with 
fluoxetine on corticosterone and progesterone secre- 
tion in response to acute fluoxetine challenge. To eval- 
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Fig. 1, Acute fluoxetine-induced increase in corticosterone and proges- 
terone secretion: Effect of dexamethasone. Rats were pretreated with 
saline (SAL) or dexamethasone (DEX, 0.5 mg/kg) 4 hr before challenge 
with saline or fluoxetine (FLU). Rats were sacrificed 40 min after the 
saline or fluoxetine challenge. Data are means ± S.E.M. with n - 6 for 
each group. *P < ,01 compared with SAL; **P < .01 compared with 
SAL-FLU. 



uate the effect of chronic fluoxetine on the fluoxetine-induced 
increase in steroids, rats were challenged with 5 mg/kg flu- 
oxetine after chronic administration of 0.9% saline or fluox- 
etine (5 mg/kg/day for 21 days). The fluoxetine challenge dose 
was given 20 to 24 hr after the final injection in the chronic 
fluoxetine treatment series. Chronic treatment with fluox- 
etine completely blocked the effects of the acute fluoxetine 
challenge on both corticosterone and progesterone secretion 
(fig. 2). In contrast to the effects of chronic fluoxetine treat- 
ment, rats injected with fluoxetine for 1 day, and challenged 
with 5 mg/kg fluoxetine the next day, did not exhibit dimin- 
ished hormonal responses to the fluoxetine challenge (fig. 3). 

Effects of chronic treatment with other antidepres- 
sant drugs on acute fluoxetine-induced corticosterone 
and progesterone secretion. To determine whether 
chronic treatment with antidepressants having pharmaco- 
logical properties different from fluoxetine would antagonize 
the corticosterone and progesterone response to acute fluox- 
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Fig. 2. Effect of chronic fluoxetine treatment on corticosterone and pro- 
gesterone secretion in response to acute fluoxetine challenge. Rats were 
injected daily for 21 days with 0.9% saline or fluoxetine (5 mg/kg). 
Twenty-four hours after the final injection, a challenge dose of fluoxetine 
(5 mg/kg) or saline was administered and rats were sacrificed by decap- 
itation 40 min later. Abbreviations: SAL, saline; FLU, fluoxetine. The 
number of rats in each group are given above the bars. Data are pre- 
sented as the mean ± S.E.M. for each group. *P < .01 compared with 
SAL-SAL; ** P < .01 compared with SAL-FLU. 
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Fig. 3. Lack of effect of 1-day fluoxetine treatment on corticosterone and 
progesterone secretion in response to fluoxetine challenge. Rats were 
treated with fluoxetine (FLU, 5 mg/kg) or saline (SAL) on day 1 and 
challenged with saline or fluoxetine (5 mg/kg) on day 2, as indicated. 
SAL-FLU levels of corticosterone and progesterone after SAL-FLU were 
not significantly different from levels in the FLU-FLU-treated rats. 

etine challenge, rats were treated chronically with various 
other clinically used antidepressants before an acute fluox- 
etine challenge. Antidepressants chosen for study were imi- 
pramine, desipramine, amytriptyline, tranylcypromine and 
phenelzine. Imipramine and amytriptyline inhibit the . up- 
take of both serotonin and norepinephrine (Wood et al., 
1986), whereas desipramine has predominant actions on nor- 
epinephrine uptake with little effect on serotonin uptake 
(Randrup and Braestrup, 1977). Desipramine also was cho- 
sen for study to determine whether an antidepressant drug, 
which does not directly affect serotonin function, would in- 
duce an adaptive response in serotonergic control of the 
brain-pituitary-adrenal axis, as assessed by the acute fluox- 
etine challenge. Chronic administration of imipramine, desi- 
pramine (fig. 4) or amytriptyline (fig. 5) markedly attenuated 
corticosterone and progesterone secretion induced by acute 
fluoxetine challenge. In contrast to the blockade by the tri- 
cyclic antidepressants on fluoxetine-induced steroid secre- 
tion, chronic treatment with the MAO inhibitors, tranyl- 
cypromine and phenelzine, did not affect the hormonal 
response to acute fluoxetine challenge (fig. 5). 

Effect of chronic antidepressant treatments on se- 
rum levels of fluoxetine. Because the reduced corticoste- 
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Fig. 4. Effect of chronic imipramine and desipramine treatment on flu- 
oxetine-induced secretion of corticosterone and progesterone. Rats were 
injected daily for 21 days with 0.9% saline, imipramine or desipramine 
(15 mg/kg for each). Twenty-four hours after the final injection of desi- 
pramine and imipramine, a challenge dose of fluoxetine (5 mg/kg) was 
given and rats were sacrificed by decapitation 40 min later. The number 
of rats in each group are given above the bars. Data are presented as the 
mean ± S.E.M. for each group. Abbreviations: SAL, saline; IMI, imipra- 
mine; DMI, imipramine. *P < .01 compared with SAL-SAL; **P < .01 
compared with SAL-FLU. 

rone and progesterone responses to acute fluoxetine chal- 
lenge could have been caused by an altered metabolism of 
fluoxetine during the course of the chronic treatment of the 
antidepressants, plasma levels of fluoxetine were measured 
after chronic antidepressant treatments that antagonized 
the steroid response to fluoxetine. Serum fluoxetine levels 
after acute challenge were not significantly different in rats 
treated chronically with saline, fluoxetine, imipramine or 
desipramine (fig. 6). Serum norfluoxetine levels were signif- 
icantly lower in rats treated chronically with desipramine 
and imipramine, but not fluoxetine (fig. 6). However, because 
fluoxetine levels were not reduced in the rats treated chron- 
ically with imipramine or desipramine, altered fluoxetine 
metabolism can not explain the attenuated hormonal re- 
sponses to acute fluoxetine observed after chronic adminis- 
tration of these tricyclic antidepressants. 
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Fig. 5. Effect of chronic amytriptyline (AMY), phenelzine (PHEN) and 
tranylcypromine (TRAN) treatment on fluoxetine-induced secretion of 
corticosterone and progesterone. Rats were injected daily for 21 days with 
either 0.9% saline, AMY (15 mg/kg), PHEN (5 mg/kg) or TRAN (5 mg/kg). 
Twenty-four hours after the final injection of these chronic exposures, a 
challenge dose of fluoxetine (FLU; 5 mg/kg) was given and rats were 
sacrificed by decapitation 40 min later. The number of rats in each group 
are given above the bars. Data are presented as the mean ± S.E.M. for 
each group. **P < .05 compared to SAL-FLU. 

Effects of chronic treatment with fluoxetine, imipra- 
mine and phenelzine on swim stress-induced immobil- 
ity and corticosterone and progesterone secretion. To 
determine whether the marked reduction in fluoxetine-in- 
duced corticosterone and progesterone secretion after chronic 
antidepressant treatment was caused by generalized desen- 
sitization of the brain-pituitary-adrenal axis, the effects of 
chronic treatment with imipramine and fluoxetine on swim 
stress-induced secretion of these hormones was examined. 
No significant difference in basal or swim-induced corticoste- 
rone or progesterone levels was observed between rats 
treated chronically (3 weeks) with imipramine (fig. 7), fluox- 
etine (fig. 8) or phenelzine (fig. 9) and those treated with 
saline. 

Even though no effect of chronic antidepressant treatment 
was found on swim-induced steroid secretion, all three anti- 
depressant drugs reduce the duration of immobility in the 
swim test (fig. 10; Porsolt et a/., 1978). As reported previously 
(Detke et a/., 1995), behavioral responses to fluoxetine were 
qualitatively distinct from the behavioral response obtained 
with imipramine and phenelzine. After treatment with imi- 
pramine and phenelzine, rats jumped from the bottom of the 
swim tanks and attempted to vigorously climb the walls of 
the tanks for much of the nonimmobile time. In contrast, 
such behavior was not exhibited by the fluoxetine-treated 
rats, which exhibited less vigorous "escape-directed" behav- 
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Fig. 6. Lack of effect of chronic treatment with desipramine (DMI), 
imipramine (IMP) or fluoxetine (FLU) on serum levels of fluoxetine after 
acute challenge. Rats were treated as described in figures 2 and 4. 
Fluoxetine and norfluoxetine levels were measured by HPLC with UV 
detection in serum obtained 40 min after acute challenge with fluoxetine. 
The number of rats in each group are given above the bars. Data are 
presented as the mean ± S.E.M. for each group. The norfluoxetine levels 
. were reduced significantly in the chronic DMI- and IMP-treated rats, but 
not in the FLU-treated rats. *P < .05 compared with SAL-FLU. 

ior, but instead would swim around the tank without jump- 
ing or climbing during the nonimmobile time. Thus, although 
a behavioral consequence could be elicited by the chronic 
administration of these antidepressants, their chronic treat- 
ment failed to affect the secretion of corticosterone or proges- 
terone in response to swim stress. 

Discussion 

The present studies demonstrated that acute administra- 
tion of fluoxetine, as well as swim stress, induced a robust 
increase in corticosterone and progesterone secretion. Be- 
cause depressed patients can have chronically elevated cor-' 
tisol levels (Gibbons, 1964; Sachar, 1975), it seems paradox- 
ical that an acute response to an antidepressant (i.e., 
induction of corticosterone secretion by fluoxetine) is similar 
to a symptom manifested in some depressed patients. How- 
ever, the recognized requirement for chronic antidepressant 
administration to achieve a therapeutic response in de- 
pressed patients, which includes a reduction in their hyper- 
steroid secretion, demonstrates that acute pharmacological 
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Fig. 7. Lack of effect of chronic imipramine treatment on swim-induced 
corticosterone or progesterone. Rats were injected daily with imipramine 
(20 mg/kg) for 21 days before processing in the forced swim test as 
described under "Materials and Methods." After the test swim (20—24 hr 
after the final drug or saline injection), the rats were transferred to their 
home cages and sacrificed by decapitation at the indicated times after the 
swim for collection of trunk blood. Rats that received chronic injections of 
saline or imipramine and were not swum were sacrificed 20 to 24 hr after 
the final injection. The number of rats for each time and treatment are 
indicated above the bars. Data are expressed as the mean ± S.E.M. for 
each group. 

properties of fluoxetine do not account for the clinical efficacy 
of this drug class. One hypothesis tested in the present work 
was that chronic treatment with antidepressants would in- 
duce adaptive changes leading to an attenuation of the acute 
fluoxetine and stress-induced adrenal cortical activation. 
Our goal was to characterize a model system that could be 
used to explore antidepressant-induced neurochemical adap- 
tation relevant to neural mechanism(s) by which antidepres- 
sants reduce the hypersecretion of Cortisol in depressive ill- 
ness. 

Acute effects of fluoxetine and swim stress on corti- 
costerone and progesterone secretion. Other investiga- 
tors previously have observed that swim stress can increase 
progesterone as well as corticosterone secretion (Purdy et al., 
1991). Although acute fluoxetine has been reported to in- 
crease corticosterone secretion (Stark et al., 1985; Fuller and 
Snoddy, 1990), our data are the first to demonstrate that 
acute fluoxetine administration also induces secretion of pro- 
gesterone. Increased progesterone secretion during the men- 
strual cycle and administration of synthetic progesterone in 
oral contraceptives have been associated with depressive ill- 
ness in some women (Backstrom, 1995; Crammer, 1986; 
Wagner and Berenson, 1994). However, many women do not 
experience depression while taking progestins in oral contra- 
ceptives, and anecdotal evidence suggests that the high lev- 
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Fig. 8. Lack of effect of chronic fluoxetine treatment on swim-induced 
corticosterone or progesterone. Rats were injected daily with fluoxetine (5 
mg/kg) for 21 days before processing in the forced swim test as described 
under "Materials and Methods." After the test swim (20-24 hr after the 
final drug or saline injection), the rats were transferred to their home 
cages and sacrificed by decapitation at the indicated times after the swim 
for collection of trunk blood. Rats that received chronic injections of saline 
or fluoxetine and were not swum were sacrificed 20 to 24 hr after the final 
injection. The number of rats for each time and treatment are indicated 
above the bars. Data are expressed as the mean ± S.E.M. for each group. 

els of progesterone that exist during pregnancy are associ- 
ated with a state of well-being. Thus, additional work is 
required to determine the psychophysiological consequences 
of alterations in progesterone levels in males and females. 
Little is known about the functional consequences of in- 
creased progesterone secretion in males, but plasma-derived 
progesterone can serve as a precursor in the brain for the 
synthesis of potent neuroactive steroids which can affect 
y-aminobutyric acid-mediated neurotransmission (Majewska 
et al., 1986; Morrow et al, 1987; Purdy et al, 1991; Paul and 
Purdy, 1992). Such data indicate that adrenal-derived pro- 
gesterone in males could be neurochemical^ relevant. 

Possible mechanisms of acute fluoxetine-induced 
corticosterone and progesterone secretion. Inhibition 
of the serotonin transporter by fluoxetine results in an in- 
creased extracellular fluid level of serotonin (Fuller and 
Snoddy, 1990). Therefore, the most probable mechanism by 
which acute fluoxetine induces activation of the brain-pitu- 
itary-adrenal axis would be by increasing the synaptic con- 
centration of serotonin, with consequent increased activation 
of a serotonin receptors. Nonetheless, the specific serotoner- 
gic receptor mechanism involved in the neuroendocrine acti- 
vation by fluoxetine is unknown. Both 5HT-2 and 5HT-1A 
receptor agonists have been shown to increase corticosterone 
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Fig. 9. Lack of effect of chronic phenelzine treatment on swim-induced 
corticosterone or progesterone. Rats were injected daily with phenelzine 
(PHEN, 5 mg/kg) for 21 days before processing in the forced swim test as 
described under "Materials and Methods." After the test swim (20-24 hr 
after the final drug or saline injection), the rats were transferred to their 
home cages and sacrificed by decapitation at the indicated times after the 
swim for collection of trunk blood. Rats that received chronic injections of 
saline or phenelzine, and were not swum, were killed 20 to 24 hr after the 
final injection. The number of rats for each time and treatment are 
indicated above the bars. Data are expressed as the mean ± S.E.M. for 
each group. 
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Fig. 10. Immobility time for rats processed in the forced swim test after 
chronic antidepressant treatment. Rats were injected with saline (SAL), 
imipramine (IMI, 20 mg/kg) or fluoxetine (FLU, 5 mg/kg) and immobility 
time scored in the test swim (see "Materials and Methods"). ****P < .001, 
*P < .05 compared with saline. 

levels (Urban et a/., 1986; Fuller et a/., 1986; Koenig et aL, 
1987; Fuller and Snoddy, 1990) and chronic fluoxetine treat- 
ment reduces corticosterone secretion induced by the 5HT-1A 
agonists (Li et al., 1993,1994). However, 5-HT-1A and 5HT-2 
receptor antagonists do not attenuate the acute fluoxetine- 
induced increase in corticosterone levels (Fuller and Snoddy, 



1990). Furthermore, interactions between the two receptor 
subtypes can not explain the effects of fluoxetine on cortico- 
sterone secretion, because coadministration of 5HT-1A and 
5HT-2 receptor antagonists also did not block this fluoxetine- 
induced endocrine response (Fuller and Snoddy, 1990). Con- 
sequently, if enhancement of synaptic availability of endog- 
enous serotonin by the fluoxetine is responsible for the 
adrenal cortical activation, a serotonin receptor subtype 
other than 5HT-1A or 5HT-2 may be involved. Although one 
potential candidate is the recently cloned 5HT-7 receptor, 
which is enriched in the hypothalamus. (To et a/., 1995; 
Sleight et al. y 1995), no direct information currently docu- 
ments specific 5HT receptor subtypes in the control of fluox- 
etine-induced steroid release. 

Effect of chronic antidepressant administration on 
fluoxetine-induced steroid secretion. Chronic adminis- 
tration of all antidepressant drug types which inhibit uptake 
of serotonin, including fluoxetine (Stark et aL; 1985), imipra- 
mine and amytriptyline (Randrup and Braestrup, 1977; 
Wood et al.y 1986), blocked the increase in corticosterone and 
progesterone induced by the acute fluoxetine challenge, with- 
out affecting base-line levels of these steroids. Likewise, 
chronic administration of desipramine, which potently inhib- 
its norepinephrine uptake with minimal effect on serotonin 
uptake (Randrup and Braestrup, 1977), also antagonized 
fluoxetine-induced steroid secretion. These findings suggest 
that chronic inhibition of either serotonin uptake or norad- 
renergic uptake results in adaptive changes that markedly 
attenuate the ability of fluoxetine to induce secretion of cor- 
ticosterone and progesterone. Unlike the effects of chronic 
treatment with fluoxetine and tricyclic antidepressant drugs, 
chronic treatment with the MAO inhibitors, phenelzine and 
tranylcypromine, did not result in a significant attenuation 
of the corticosterone and progesterone responses to the acute 
challenge with fluoxetine. Thus, the attenuation of fluox- 
etine-induced steroid secretion is not a general feature of all 
antidepressant, drugs. 

Possible adaptive mechanisms responsible for the 
antagonism of the steroid release by chronic antide- 
pressant treatments. After chronic fluoxetine treatment, 
in vivo microdialysis studies have shown that extracellular 
fluid levels of serotonin are markedly elevated after the last 
chronic fluoxetine treatment (Rutter et a/., 1994). The in- 
creased extracellular level of serotonin induced by fluoxetine 
after chronic treatment was even greater than after an acute 
fluoxetine challenge (Rutter et aL, 1994). Thus, a reduced 
effectiveness of fluoxetine to release serotonin after chronic 
administration does not appear to be responsible for the 
observed blockade of the steroid release after acute fluoxetine 
administration. Additionally, serum levels of fluoxetine after 
acute challenge were similar in groups treated chronically 
with saline or with the antidepressants that blocked the 
acute steroid response to fluoxetine challenge. Therefore, an 
increased metabolism of fluoxetine can not explain the an- 
tagonism of fluoxetine-induced steroid release by chronic 
treatment of selected antidepressant drugs. 

Chronic treatment with antidepressant drugs which block 
serotonin or norepinephrine uptake sites must result in a 
substantial neurochemical adaptation in neural circuits 
which regulate fluoxetine-induced adrenal hormone secre- 
tion, as both types of drugs antagonized this response. Al- 
though chronic treatment with fluoxetine has been shown to 
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reduce corticosterone secretion induced by 5HT-1A agonists, 
(Li et al., 1993), chronic treatment with desipramine, which 
also reduces the acute fluoxetine-induced increases in steroid 
secretion, does not modify 5HT-1A agonist-induced cortico- 
sterone secretion (Li et a/., 1994). These data, considered 
with the data of Fuller and Snody (1990) discussed above, 
suggest that the antagonism of fluoxetine-induced adrenal 
hormone secretion after chronic antidepressant treatment 
can not be explained by a reduction in the sensitivity of 
5HT-1A receptors. 

Chronic desipramine treatment, which antagonizes fluox- 
etine-induced release of steroids, causes down-regulation of 
beta adrenergic receptor number and function (see Baker and 
Greenshaw, 1989). Although chronic fluoxetine treatment 
also antagonizes steroid release by acute fluoxetine admin- 
istration, chronic fluoxetine does not cause a down-regula- 
tion of beta adrenergic receptors (Johnson, 1991). As ob- 
served for the tricyclic antidepressant drugs (Baker and 
Greenshaw, 1989), chronic administration of MAO inhibitors 
also induces an adaptive down-regulation of beta adrenergic 
receptors; however, this class of antidepressants does not 
have an effect on the acute fluoxetine-induced release of 
steroids. Collectively, these latter data suggest that antide- 
pressant-induced adaptive changes in noradrenergic receptor 
function can not explain the present finding that selected 
antidepressant drugs block acute fluoxetine-induced release 
of steroids. 

Chronic administration of fluoxetine, tricyclic antidepres- 
sants and MAO inhibitors has been shown to reduce the 
expression of mRNA for CRF in the paraventricular nucleus 
of the hypothalamus (Brady etaL, 1991, 1992). However, this 
action is apparently not sufficient to explain the present 
results, because MAO inhibitors are ineffective in reducing 
fluoxetine-induced hormonal secretion. Chronic fluoxetine 
administration also has been shown to down-regulate the 
5-HT-7 receptor subtype in hypothalamic membrane prepa- 
rations after chronic fluoxetine treatment (Sleight et al., 
1995); however, it is not known whether chronic desipramine 
affects this 5-HT receptor subtype. Thus, it can be concluded 
that the adaptive mechanism(s) by which chronic antidepres- 
sant treatment blocks the acute action of fluoxetine to stim- 
ulate corticosterone and progesterone secretion has yet to be 
identified. 

Chronic antidepressant treatments on forced swim- 
induced immobility and corticosterone and progester- 
one secretion. The final aspect of our investigation was to 
determine whether chronic antidepressant treatment would 
antagonize the release of corticosterone and progesterone 
induced by swim stress (Purdy et al. t 1991). This particular 
stressor was chosen because the protocol of forced swim is 
used to screen for antidepressant action (Porsolt et al., 1978). 
As expected from previous work (Duncan et aL t 1985, 1996), 
chronic administration of the antidepressant drugs fluox- 
etine, imipramine and phenelzine resulted in a significant 
reduction in the immobility in the forced swim test paradigm. 
Even though chronic administration of the antidepressants 
produced a behavioral change induced by forced swim, swim 
stress-induced secretion of these steroids was not affected by 
such chronic antidepressant exposure. The inability of 
chronic treatment with fluoxetine and imipramine to modify 
adrenal cortical secretion in response to swim stress suggests 
that a generalized down-regulation of the brain-pituitary- 



adrenal axis was not induced by the antidepressant drug 
treatments. 

In contrast to the present data showing no effect of chronic 
antidepressant treatment on swim-induced activation of the 
.brain-pituitary-adrenal axis, Reul et al. (1993) found that 
chronic administration of amytriptyline reduced the cortico- 
sterone response induced by placing rats in a novel environ- 
ment. Differences in the nature of these stressors and the 
possible activation of differing neural pathways by the stres- 
sors could explain the ability of chronic treatment to block 
the stress response induced by the novel environment but not 
affect the increase in corticosterone induced by the swim. On 
the other hand, the magnitude of the stress response could be 
a consideration, because swim stress could be expected to be 
more stressful than novelty stress. In this regard, swim 
stress typically increased corticosterone levels to 300 to 400 
ng/ml, whereas in the study of Reul et a/.(1993), the novelty 
stress condition increased corticosterone to about 250 ng/ml. 
Thus, one interpretation could be that chronic antidepres- 
sant treatment could not overcome the hormonal response of 
the more severe swim stress compared with the stress of 
novel environment. However, contrary to this interpretation, 
acute fluoxetine treatment increased steroids to a level as 
great as that observed with swim stress, yet this increase by 
the acute fluoxetine challenge was blocked completely by the 
chronic antidepressant treatments. 

Therefore, the differential effects observed for the antide- 
pressant treatments on swim stress-induced and fluoxetine- 
induced alterations in corticosterone and progesterone secre- 
tion may involve differing neural mechanisms associated 
with regulation of adrenal steroid secretion. In this regard, at 
least two distinct pathways controlling CRF release have 
been proposed previously, one originating from brainstem 
structures and the other involving projections from limbic 
regions of the forebrain (Herman and Cullinan, 1997; 
Sawchenko, 1990). Whether altered activity in these distinct 
pathways contributes to the differential effects of chronic 
antidepressant treatment on fluoxetine- and stress-induced 
adrenal steroid secretion deserves investigation. 
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